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  ii 
Abstract 
 
The overarching objective of this research is to recognize the learning styles of 
engineering and technology students and to propose pedagogical methods for the 
comprehension of technological concepts in electricity. The topic of electrical resistor-
capacitor (RC) circuits has been chosen because it is fundamental to engineering and 
technology courses. There is substantial evidence to suggest that students find such a 
concept difficult to grasp. The focus of the research lies in explicating undergraduate 
students’ cognitive structures about RC circuits, and proposing a method related to 
students’ learning styles of how these cognitive structures may be enhanced. The main 
thesis argument claims that the transfer of knowledge from familiar RC circuit 
configurations to unfamiliar RC circuit configurations does not occur easily even if the 
problem-space is kept identical. The methodology used in this research is a mixed-
method approach employing qualitative and quantitative data-gathering and analysis 
processes.  
This research concludes that the reasons for lack of transfer of knowledge stem from 
conceptual and perceptual constraints. Constraints involve: (a) which analogical models 
are employed in relation to the RC circuit, (b) how the circuit schematic diagram is 
drawn, and (c) relations between analogy, circuit schematic diagram, voltage-time 
graphs and verbal jargon used to describe circuit behaviour. The research presents a 
variety of novel, custom-designed learning aids which are employed within the research 
methodology to rectify the lack of transfer of knowledge for the RC circuits considered 
in the study. The design of these learning aids is based on the concept of embodied 
cognition and mainly makes use of visual and kinaesthetic means to appeal to students 
who may have different learning styles. The use of such learning aids is proposed as a 
complementary teaching strategy. The approach taken in this research and its outcomes 
are significant because they continue to inform the research and educational 
communities about how human development may be fostered through engineering and 
technology education (Barak and Hacker, 2011). 
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1 Introduction 
 
 
The objective of this research is the identification of learners’ cognitive frameworks 
about the topic of resistor-capacitor (RC) electrical circuits, together with the suggestion 
for methods of teaching RC circuits in order to ensure learners’ intellectual growth on 
this particular domain. Figure 1 shows the progression of events in this research starting 
from the literature review and ending in the research outcomes. The branches of (a) 
cognition, (b) philosophy of technology, (c) philosophy of education, and (d) 
experiences from physics, science and engineering education on the topic of electrical 
circuits stem from key arguments originating from the domain of Technology 
Education. These key arguments are presented in Figure 2. 
 
The compounded effect of the information gathered from the literature review, together 
with experiential judgement about learning processes in the field of electricity gave rise 
to the short-term objective of this research, that of producing pedagogically sound 
representations of RC circuits. The long term objectives of this research were (a) to 
identify learners’ cognitive frameworks about RC circuits, (b) to propose ideas and 
resources for methods of teaching the topic of RC circuits, and (c) to promote the 
intellectual growth of the participants of this study on the topic of RC circuits. 
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Figure 1: Literature influencing the rationale for this research together with the short-term and long-term objectives of the research. 
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Figure 2: Key arguments from influential literature sources 
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1.1 Impetus from Literature on Technology Education 
 
1.1.1 Grounding the Research in Theory from the Cognitive Sciences 
 
Technology education is considered an immature field of study and it should be 
grounded in well-researched theoretical fields (de Miranda, 2004). Theory plays 
multiple roles in research. It frames the research problem, the selection of variables and 
the methods used to conduct the study and analyze the results. In the past, the problem 
with technology educators, as noted and documented in technology education research 
by Petrina (1993, 1998), was the tendency to make pronouncements and act on ideas 
without much research support (Zuga, 2004). Although it was recognized that, for 
example, for the field of cognition in technology, research opportunities existed, Zuga 
states that studies which tackled such a field were broad but not deep (ibid., pp.63-65). 
 
Like Petrina and Zuga, de Miranda (op. cit., p.64) states that success in technology 
teaching is witnessed, but it lacks theoretical grounding. He puts forward the argument 
that, since technology education employs such methods of instruction as design and 
modelling, both these processes should be based on cognitive theory. He therefore 
raises this question: 
 
‘Could instruction in technology education when aligned with the theoretical 
perspectives from the cognitive sciences set it apart from teaching methods and 
instructional materials that impart facts and rote skills?’ (de Miranda, 2004, p.63) 
 
In answer to his own question, he proposes that methods of instruction for technology 
education should have their foundations in the cognitive sciences.  
 
This research aims to fulfil such a gap by approaching a technological topic from the 
cognitive perspective. This research considers the topic of resistor-capacitor electrical 
circuits and investigates some cognitive aspects related to visualization and language as 
relevant to the chosen electrical circuits. 
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1.1.2 Research Themes and Research Methodology. 
 
De Vries and Tamir state that the effectiveness of technology education programmes in 
terms of assessing how pupils’ concepts have changed has, until 1997, been included in 
very few research projects. A need was felt for more research in the area of pupils’ 
preconceptions of technological concepts and the way in which these can be influenced 
by real or simulated educational experiences with technological activities (de Vries and 
Tamir, 1997).  
 
Later, Cajas (1999, 2002), Jones and Moreland (2000), Mc Robbie et al. (2000) and 
Ginns et al. (2005) suggest that one of the foci of research in technology needs to be on 
students’ learning of key technological ideas and processes at more abstract levels. 
Understanding the conceptions and misconceptions that students have about aspects of 
the subject matter of technology is an important prerequisite for better teaching, and for 
improved learning. Technology education researchers are frequently invited to explore 
and determine the value of the concepts, the way in which students recognize and 
reformulate knowledge, how and when students internalize these concepts and how the 
concepts fit together to create a global picture of how humans use and benefit from the 
technology they create (Zuga, 2004). Norman points out that design curricula 
discussions have tended to focus on what might be taught and how, but, why this is 
done in a particular sequence, and the relationship of such sequence to the general 
educational development have been rarely addressed (Norman, 1998). 
 
According to Lewis (1999, p.45), research addressing the issues mentioned above 
would be new and would open up exciting frontiers in the field. As regards the 
methodology employed to do this, contemporary research theories support qualitative 
inquiry into technology issues and student learning (Zuga, 2004). Lewis (op. cit., p.51) 
emphasizes the importance that researchers range beyond the traditional positivistic 
paradigm toward phenomenological and critical modes of research. He insists that 
researchers get primary evidence first hand by in-site observations and that qualitative 
approaches may be better suited than positivistic approaches. 
 
This research has taken on some of the suggestions proposed above as regards the 
research themes and the methods used to conduct the current study. These were applied 
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to the specific field of resistor-capacitor electrical circuits. This research had two 
primary aims: a) to serve as an analytic tool for the investigation of students’ 
preconceptions about resistor-capacitor electrical circuits; b) to design and test a 
teaching intervention, using technological resources or activities, which addresses any 
misconceptions revealed by the analytic part of the research. As such, this research 
therefore satisfies the appeal of de Vries and Tamir, of Cajas, Jones and Moreland, as 
well as of Ginns and Zuga. The methodology employed in the conduction of this 
research is a mixed method approach which places most emphasis on the qualitative 
aspect of data, data collection and its analysis. In this regard, this research therefore 
follows the suggestions given by Zuga and Lewis. 
 
1.1.3 Multiple Methods for Technological Knowledge Comprehension and 
Transfer through Qualitative Knowledge. 
 
Educators appear to believe that students can, and should, import conceptual relations 
and operations from one domain to another (Gentner and Gentner, 1983). Instead of 
considering the transfer of knowledge as an importation process, the development of 
technological knowledge is best considered as transitions for learners, changes in the 
learners themselves. These transitions may be thought of as the development of rich 
connections among plural ways of constructing meaning, recognizing that the ways in 
which individuals know extends well beyond verbalizable concepts (Stevenson, 2004). 
An extended discussion about this is presented in Chapter 2, the literature review 
chapter. 
 
It is important to consider that the nature of some types of technological knowledge 
may be context-specific. Expert technologists usually develop ways of working that stay 
close to the context they understand, and formulate qualitative ideas that are powerful in 
thinking and acting. In technology education, focusing on qualitative knowledge first 
may be a better start to understanding and bringing some relatively complex 
technological tasks within the scope of school students (McCormick, 2006). Gott states 
that technological knowledge built upon the formal sciences has very often failed to 
produce good technologists. The kinds of models of devices and systems that are found 
best, are often qualitative ones (Gott, 1988, p.113). 
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This research has given great weight to the qualitative aspects of the nature of the data, 
the data collection and analytical methods, and the design of the teaching intervention.   
This research has attempted to combine some of the ways, enlisted by Phenix (1964, 
pp.53-264), in which humans construct meaning. These can be found in Table 1. In its 
analytic and design sections, this research has capitalized on Phenix’s first four ways of 
constructing meaning: a) Symbolic means; b) Empiric means; c) Aesthetic means and d) 
Synoetic means. 
 
Table 1: List of ways in which humans construct meaning, by Phenix (1964). 
 Label Description 
1 Symbolic For example, language, mathematics, gestures and rituals. 
2 Empiric 
Scientific ways of understanding experience in terms of factual descriptions, 
generalizations and theoretical formulations. 
3 Aesthetic The various arts and literature. 
4 Synoetic Tacit knowing. 
5 Ethics Moral meanings. 
6 Synoptic 
Meanings that are comprehensively integrated into history, religion or 
philosophy. 
 
In its analytic component, this research aimed to investigate learners’ network of such 
forms of meaning by collecting data in the forms of sketches, diagrams, graphs, verbal 
conversations and gestures. In its design component for the teaching intervention, this 
research aimed to convey technological concepts by employing the same forms of 
meaning as those employed by learners, that is, in the forms already mentioned. In this 
way, learners’ richly connected networks of meaning about the topic of resistor-
capacitor electrical circuits could be revealed and consequently altered by the teaching 
intervention. This is in line with advice given by Stevenson (2004) who suggests that 
the task for learners in technology should be to connect meanings from verbal 
descriptions, symbolic concepts, visual models and aesthetical senses, amongst others. 
In essence, this research has been a search for learners’ schemata about the topic of 
resistor-capacitor circuits. The outcome of this research suggests possible ways of 
transforming these schemata, thus aiming for connectedness amongst the forms of 
meaning for the specific topic of resistor-capacitor electrical circuits. 
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1.1.4 External Representation and Physical Artefacts. 
 
In support of the discussions about various forms of constructing meaning, recent 
research on learning finds that many students learn best in experiential ways, by doing, 
rather than only by seeing or hearing. The study of technology emphasizes and 
capitalizes on such active learning (International Technology Education Association, 
2000). Indeed, ‘technological literacy’ and ‘visual literacy’ are defined as core subject 
themes, amongst many others, for 21
st
 century learners (Pacific Policy Research Centre, 
2010), (North Central Regional Educational Laboratory, 2003). 
 
In technological design and practice, meaningfulness is related to the ways in which 
knowledge is represented (Middleton, 2005). Certain representations may assist us in 
manipulating and controlling our world more effectively (Layton, 1991). Researchers 
have advised the introduction of activities that require designing and constructing, 
activities that engage the student in the externalization of physical artefacts. Such 
instructional materials and methods should be designed to acquire and integrate 
cognitive and metacognitive strategies (de Miranda, 2004). Especially in technological 
practice, it is crucial that students are aware of the concept and purposes of knowledge 
representation, models and modelling, rather than seeing these as an endpoint in 
themselves (Jones, 1997). 
 
This research has made extensive use of external representations. The forms of these 
representations varied from words, to graphs, and to circuit diagrams and comics drawn 
on two-dimensional surfaces such as a computer screen or on paper. The forms of 
representation also included handheld cardboard models which allowed the user to 
manually control a two-dimensional cardboard visual display. These were 
complemented by three dimensional models made out of resistant materials, as well as 
software displays such as animations, video and simulations. Such a variety of external 
representations was chosen to enable learners to construct meaning in different ways 
and to offer the opportunity to establish links in between the forms of representation of 
the same knowledge. As suggested by the philosopher Don Ihde, (1997), different 
representations of the same thing enhance knowledge about that thing, and the gestalt 
approach to knowledge is important for gaining insight. 
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1.2 The Research Aims and Questions Pertinent to this Study. 
 
The research aim of this study is to recognize the learning styles of engineering and 
technology students and propose pedagogical methods for the comprehension of 
technological concepts in electricity. 
 
The nature of the field of electricity may make the subject very singular to teach and 
learn since learners need to develop skills of representing the same circuit in several 
contrasting ways, such as schematic, prototype, mathematical or simulation. The 
development of these skills necessitates continuous shifts between conceptual 
representations of the actual circuit. This may prove to be difficult, or different, for 
people who may have diverse learning styles. Novice students may develop biased 
conceptual representations of the behaviour of a circuit, especially when the circuit is 
slightly changed in its connectivity structure. Moreover, external representations may 
influence the understanding of concepts. This research explores how such external 
representations may be designed to help students with different learning styles achieve 
successful comprehension in the field of electricity for the topic of resistor capacitor 
series circuits. The specific research questions addressed are those in Table 2. Table 2 
shows the research questions arranged in terms of the analytic or design scope of the 
research, and also in terms of the stages planned for the data collection method, that is, 
pre-test, teaching intervention and post-test. All research questions can be said to be 
within a hierarchical structure as indicated in Table 2, whereby the questions on the 
lower tiers of the hierarchy were used to generate measurable outcomes which would 
logically inform the questions on the higher tiers of the question structure.  
 
 
 
Introduction  Page 10 
 
Table 2: The research questions addressed in this study. 
1 2 3 4 
 Objective: To enquire about learners’ prior knowledge base 
about RC circuits. 
 Objective: to determine if the teaching intervention has had 
any effect. 
 Pre-test questions Teaching intervention Post-test 
Analytic 
part 
1. What verbal or diagrammatic representations are present in 
learners’ schemata about the topic of simple RC circuits 
resulting from prior learning? 
 
 2. What is the influence of the novel teaching intervention in 
this study upon the verbal and diagrammatic representations 
present in learners’ schemata about RC circuits? 
1.1. How are these linked? 
 
 2.1. Do the participants exhibit more evidence of 
intellectual growth, of scientific explanation and of 
expert-like behaviour within and beyond the 
possessed schemata? 
1.2. Which analogies do they include?   
1.3. If the schemata include the circuit schematic, what is 
the preferred way for visualizing the circuit schematic 
diagram? As a diagrammatic representation, could 
this be linked to the analogies included in the 
schemata? 
  
1.4. How may variations in the topology of the circuit 
schematic influence the transfer of knowledge from 
topologically and conceptually similar circuits to 
other circuits which are conceptually similar but 
topologically unfamiliar? 
  
1.5. Do graphical representations feature within the 
schemata? Which particular ones? Do participants 
develop visual-verbal paired associates between 
graphical representations and verbal technical jargon? 
Is this a help or a hindrance? 
  
 1.6. Is there evidence of cognitive flexibility, scientific 
explanation, expert-like behaviour within and beyond 
the possessed schemata? 
  
    
Design 
part 
 3. How may learners be aided in constraining the problem 
search space about simple RC circuits? 
 
 3.1. How may the dynamic abstract concept of an 
electrical circuit be visualized qualitatively by using 
its circuit schematic as an external representation? 
 
 3.2. Do learners have preferences for the design of 
models? 
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1.3 The Main Contributions of the Research. 
 
Overarching Pedagogic Contributions . 
 
1. Although taken from a relatively small sample, the learning style characteristics 
of Maltese engineering and technology students, as measured by the Felder-
Silverman Index of Learning Styles, are found to support those from work 
presented by other authors in other countries. This acts in support of the already 
existing pedagogic knowledge about engineering and technology audiences. 
 
2. This research presents a method which contributes towards the understanding of 
engineering and technology students’ cognitive frameworks about the topic of 
resistor-capacitor circuits, and how these cognitive frameworks may depend on 
the methodology by which the topic is presented. 
 
3. Consequently, it presents guidelines, based on knowledge from the cognitive 
sciences, that help structure the design of media used within an electrical 
engineering or technology teaching environment. Experiential judgement and 
student feedback informs the nature, complexity and costs of these media in 
order to make these accessible to the teaching community. 
 
Specific Contributions about Electrical Circuits targeted towards the 
Engineering and Technology Teaching Communities.  
 
1. Circuits composed of basic components and configurations can still offer 
substantial challenges when the transfer of knowledge to unfamiliar circuit 
configurations is required from the learner. Thus, the teaching community 
should not assume that the transfer of knowledge is easy or automatic for a 
learner, even for seemingly simple circuits composed of equivalent components 
and connected in topologically similar ways. 
 
2. For the topic describing the characteristics of capacitors, the teaching emphasis 
is usually placed on the charging and discharging phenomena of the component. 
These phenomena are usually depicted by exponential graphs which accompany 
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verbal descriptions of the state of charging and discharging. Maltese participants 
are developing visual-verbal associations which tie particular graphical images 
of the exponential curves too strictly with their verbal tag. This is proving to be 
a hindrance for the eventual transfer of knowledge to unfamiliar, yet simple, 
circuit configurations. Becoming aware of this phenomenon, the teaching 
community may be able to adjust its teaching methods to reduce or avoid such 
undesired associations, which the students form unconsciously, through the way 
information is presented to them. 
 
3. Certain unfamiliar circuit configurations seem to present more difficulties than 
others.  The research identifies which configurations tend to be most 
problematic and suggests reasons why this may be so. Once again, on becoming 
aware of which configurations tend to be more problematic, the teaching 
community may be able to design teaching methods that target difficulties with 
such circuits more specifically. 
 
4. The literature presents ways in which analogies of a capacitor may be modelled 
for visualization.  Recent contributions from other authors focus on 
implementing such analogies mainly through software methods. This research 
contributes towards the design of teaching resources for modelling analogies of 
the capacitor by exploiting not only software media, but also by using tangible 
media. Thus, apart from the visual dimension, this offers another dimension to 
the learner who interacts with the resources, the gestural dimension. Making use 
of gestures and tangible media in the design of educational resources may offer 
different benefits to learners, when compared with software media. 
 
The Remaining Structure of the Thesis Document. 
 
Chapter 2 is an extension of the literature in the introductory chapter. It presents 
literature which supports the main arguments of this research, from sources other than 
that of the domain of Technology Education. The literature in Chapter 2 is broader in 
nature, and serves to encompass other influential texts concerning (a) the nature of 
electronics and scientific explanations, (b) visualization, (c) the processes and structures 
Literature Review  Page 13 
of learning, (d) learning styles, (e) expectations from the learning process and (f) typical 
behaviours during knowledge transfer tasks.  
 
Chapter 3 presents a detailed account of the methodology used to implement the studies 
tackled in this research. 
 
Chapter 4 presents the results of this research and individual discussions of these 
results. 
 
Chapter 5 presents a discussion of the findings when these are analysed collectively.  
 
Chapter 6 provides a conclusion to this research project. 
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2 Literature Review 
 
2.1 Support of Rationale from Domains Other than that of Technology 
Education, Provision of Context for this Study. 
 
2.1.1 The Philosophy of Technology and the Philosophy of Education. 
 
2.1.1.1 Philosophy of Technology. 
 
Interpretations of the works of Immanuel Kant, by Guyer and Wood (1998), Gardner 
(1999) and Dusek (2006) postulate that humans structure their knowledge to eventually 
unify it through categories. There is also an independent reality which cannot be 
described, because all that humans know is structured in terms of the forms of their 
perceptual intuition and the categories of the mind (Gardner, 1999, pp.27-37). 
Understanding is the faculty of both common sense reasoning and scientific reasoning 
about things and causes. Understanding deals with objects, which are delimited in space 
and time, are finite, and have boundaries (Gardner, 1999, pp.65-85). They are set 
against a larger background, which is supplied by the forms of human perceptual 
intuition. Therefore, things can be known only by the way humans have organized them 
perceptually and conceptually (Guyer and Wood, 1998, pp.7-8; Dusek, 2006, p.58). 
 
Kuhn (1962, pp.35-42), as well as several other philosophers of science of the late 
1950s and 1960s, emphasized how sensory observations depend on context of theory 
and interpretation. They appealed to psychological studies of perception and visual 
illusion. They followed the claim that beliefs and expectations influence perception. 
Polanyi (1958) emphasized how skills of interpretation are developed through 
apprenticeship and practice. 
 
In this research, these philosophical arguments have generated the research questions 
and hypotheses regarding visual perception in relation to electrical circuit diagrams, 
graphs and mechanical analogies, which are some of the representations employed to 
describe electrical circuits. Essentially, it was hypothesized that the visual perception of 
these external representations could influence the interpretation and understanding of 
the abstract electrical concepts which these represent. These arguments contributed to 
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generating the hypothesis that the way electrical circuit diagrams, graphs and analogies 
are presented could make a difference to novice learners. For example, circuit schematic 
diagrams which retained the circuits’ topological information, but which displaced or 
oriented differently the symbolic components through Euclidean space, could contribute 
to an added element of confusion for novice students, even if these had mastered the 
abstract electrical concepts of the circuit. The analytic part of the research sought to 
reveal whether this hypothesis was valid. The design part of this research sought to 
apply a consistent visual framework throughout all the external representations put 
forward to the learners, in order to achieve visual consistency and to be able to link 
through the different forms of representation more easily. 
 
2.1.1.1.1 Comportment to Objects – The Transition from ‘Present-to-Hand’ to 
‘Ready-to-Hand’. 
 
The philosopher Martin Heidegger, analysed humans’ comportment to objects. He 
conceptualized this in terms of two modes of being, ‘ready-to-hand’ and ‘present-to 
hand’ (Heidegger, 1927, pp.102-122; Mulhall, 2005, pp.46-59; Harman, 2007, pp.60-
66). The ‘ready-to-hand’ mode is that of tool use. In this view, an object exists in its 
role to our action. This contrasts with the ‘present-to-hand’ mode, which is the 
traditional, philosophical notion of objects as substantial entities observed or thought of 
as independent from us. In the ‘ready-to-hand’ point of view, the object of use is not 
perceived as an independent entity but is instead the means through which humans work 
and act. The ‘ready-to-hand’ object, such as a tool, is transparent to the user when used 
properly. Only when it fails to operate does the user become aware of it. The 
consequence of this is that humans orient themselves to objects or experiences through 
embodiment. Human bodily dispositions, with their propensity for action, organize 
experiences with objects. 
 
Don Ihde has drawn the implication of this approach, that even the most arcane 
scientific research involving advanced abstract theories is highly perceptual, given that 
testing via instrumentation is an extension of perception. Ihde points out that, 
instruments are extensions of bodily perception. In his Technology and the Lifeworld, 
Ihde (1990), has concentrated on the role of scientific instruments in observation. He 
claims that phenomenology of perception is the starting point of analysis, and that 
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technological devices mediate scientific perception. The mediating role of observational 
instruments and the manipulative nature of scientific knowledge is a popular topic with 
both philosophers and educationalists. Dusek and Levin report about John Dewey’s 
teachings. John Dewey was an early developer of pragmatism and an educational 
reformer who emphasized physical manipulation of nature as central to knowledge 
(Dusek, 2006; Levin, 1956). According to Petrina (2000), a critical literacy of 
technological concepts is formed through a materialist engagement with texts in the 
world. A pedagogy enabling critical engagement with the built world necessarily 
involves engagement with a variety of digital, printed and three dimensional texts. 
 
This research has adopted these suggestions for the design part of the study, more 
specifically for the design of the resources used during the teaching intervention. The 
extensive use of external representations for this research has already been discussed. 
The design of most of these external representations was targeted to appeal to the visual 
sense of perception and to the perception of gestural hand movements. The final aim 
was to transform the perceptual experience of the resources as objects, from ‘present-to-
hand’ to ‘ready-to-hand’. The resources were planned to steer the user into such a 
transition, so that the salient parts of the representations, specifically the capacitor 
plates, would be considered as extensions of the body. Having the resources focus on 
movements in space of the capacitor plates was planned to be inducive towards the 
adoption of gestural hand movements, representing the voltage potential existing at each 
of the two capacitor plates. The design of the resources was therefore intended to 
facilitate novice learners’ transition, from dependence on external physical artefacts for 
solving electrical circuit problems to independence of such physical artefacts, when 
these were replaced by gestural hand movements together with an appropriate mental 
model of the electrical circuit problem. 
 
2.1.1.2 Philosophy of Education. 
 
2.1.1.2.1 Constructivism and Learning Styles. 
 
The adoption of a constructivist pedagogy can be seen as a reconstruction of existing 
concepts that pupils have already acquired before they enter the lesson (Hill and Smith, 
2005; de Vries and Tamir, 1997). Reconstructing concepts involves making the 
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conflicts between prior knowledge and new knowledge explicit (de Vries and Tamir, 
1997). An example of conflict is given by Bartlett  in his first published experiment 
whereby he explains the errors made by his subjects in recalled visual figures by the 
interaction of new and old information. He states that many of the errors were due to the 
‘tendency to interpret presented material in accordance with the general character of 
earlier experience’ (Bartlett, 1932, cited in; Brewer and Nakamura, 1984, p.8). 
 
A pedagogy that aims to guide learners into forward-looking paths should adopt 
transformatory processes which adjust the level of abstraction of the scientific 
knowledge. It should repackage knowledge in order to bring into fruitful relationships 
components of scientific knowledge which disciplinary and pedagogical considerations 
may have disjoined. It should re-contextualize knowledge, in the sense of building back 
all those real-life complications which had been eliminated in the attempt to gain 
scientific leverage of the problem. The ability to transform subject matter knowledge, 
however, requires more than knowledge of the substance and syntax of a given 
discipline; it requires knowledge of learners and learning, curriculum and context, aims 
and objectives of pedagogy. It requires subject-specific knowledge of pedagogy. This 
act of translation is complex and is often underestimated both by teachers and learners 
(Layton, 1991). 
 
This research has been planned with the educational theory of constructivism in mind. 
The aim was not only to analyze the current status quo of participants’ concepts about 
resistor-capacitor circuits. This research has also sought to reconstruct the framework of 
participants’ existing concepts about the said topic by designing questions which 
induced them to make their conflicts explicit. In line with Bartlett’s experiment 
mentioned above, some questions posed to participants were designed to check if they 
tended to interpret unfamiliar circuit configurations and graphs in terms of familiar 
circuit configurations and graphs. In this research, the knowledge required to solve the 
problems posed was not new to participants, but it did need processing by way of 
transformation and repackaging. Both these processes were designed into this research 
by taking into account the fact that individuals’ learning styles may be different. Since 
the majority of participants were engineering students, the design of the teaching 
intervention and resources targeted engineers’ typical learning styles (Felder, 1988). 
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2.1.1.2.2 Intellectual Growth. 
 
According to Bruner (1966, p.5), ‘intellectual growth is characterized by increasing 
independence of response from the immediate nature of the stimulus’. Bruner claims 
that much of what the learner does is predictable from the knowledge of the stimuli that 
are impinging upon him at the time he responds or just prior to that time. A great deal of 
growth is present when the learner is able to maintain an invariant response in the face 
of changing states of the stimulating environment, or when he learns to alter his 
response in the presence of an unchanging stimulus environment. Bruner maintains that 
growth also depends upon internalizing events into a storage system that corresponds to 
the environment. It is this system that makes possible the learner’s increasing ability to 
go beyond the information encountered on a single occasion. He does this by making 
predictions and extrapolations from his stored model of the world. Most importantly, 
intellectual development is marked by an increasing capacity to deal with several 
alternatives simultaneously, to tend to several sequences during the same period of time, 
and to allocate time and attention in a manner appropriate to these multiple demands. 
 
In line with Bruner’s statements, this research has provided a method of measuring 
participants’ intellectual growth about resistor-capacitor circuits. While keeping the 
foundational working concepts constant, this research has monitored participants’ 
responses to changes in circuit configuration and in relevant graphs. It has also explored 
the nature of participants’ representation corresponding to resistor-capacitor circuits. It 
has checked if participants were able to go beyond the information which was 
encountered in their prior tuition about the topic, thus investigating their ability to make 
predictions from the stored mental models which had been made available through their 
prior educational experiences about resistor-capacitor circuits. The nature of the topic in 
itself tested intellectual growth by way of necessitating the individual to deal with 
several parameters simultaneously. The parameters concerned were not only those 
necessary for circuit analysis, such as voltage, current and component characteristics. 
The research included the use of topological configuration, graphical visual attributes 
and also choice of technical jargon, in addition to those electrical parameters which 
needed attention during the problem-solving process. 
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In his treatment of intellectual growth, Bruner claims that a dialogue can lead people to 
discover things of great depth and wisdom. He indicates that there are inventions that 
may aid the formation of a dialogue between the thinker and his written works pondered 
later. In such reflections, notation of one sort or another becomes enormously important, 
whether by means of models, pictures, words, or mathematical symbols. Teaching is 
vastly facilitated by the medium of language, which becomes not just the medium for 
exchange but the instrument that the learner can then use himself in bringing order to 
the environment.  
 
In this research, such dialogue between the thinker and relevant external representations 
was facilitated not only by words, but also by diagrams and models of several types, as 
indicated in Chapter 3. The use of verbal descriptions of the state of circuits was 
explored as a way in which participants could choose to import prior knowledge and to 
bring order into unfamiliar circuit situations. Specifically, the use of the word 
descriptors: ‘charging’ and ‘discharging’, as pertinent to a capacitor in the given 
circuits, was investigated in relation to circuit configuration and corresponding 
exponential graph shape. 
 
2.1.1.3 Pedagogically Sound Representations, Rationale and Design Attributes. 
 
2.1.1.3.1 Rationale for Representations in Technological Domains. 
 
In technology education, viewing and manipulating objects that have some meaningful 
relationship to a prospective design and to the theoretical abstract background 
knowledge behind it is seen as important to the process of understanding and invention. 
(Middleton, 2005, p.66) reports the works of Weber (1992), Weber et al. (1990) and 
Carlson and Gorman (1992) who found that inventors use both static and dynamic 
visual mental images in the generation and testing of new solutions to engineering 
problems. Abstract representations of knowledge are not the only types of 
representations used in complex thinking. Humans also use mental imagery to solve 
complex problems (Kaufmann, 1990). Moreover, it is also known that images can 
provide some of the most efficient representations for solving complex problems 
because, within the image, material is organized according to the relations of the 
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problem content rather than according to the rules that apply to the abstract code 
(Larkin and Simon, 1987). 
 
Authentic learning of technology recognizes a range of abilities and talents, and 
deliberately seeks to foster them across a variety of contexts. This necessitates the 
existence of multiple ways of making sense of the world (Hill and Smith, 2005). It is 
therefore necessary that the design of representations which are used with didactic 
intent include not only abstract representations of knowledge, but also concrete ones. 
 
2.1.1.3.2 Design Attributes of Pedagogically Sound Representations. 
 
This research has been inspired by the works of Bruner (1964, 1966) in relation to his 
understanding of the properties of representations. According to Bruner, the structure of 
any domain of knowledge may be characterized in three ways: 
 
1. The mode of representation in which it is put. 
2. Its economy. 
3. Its effective power. 
 
Any idea, problem or body of knowledge can be presented in a form simple enough for 
any particular learner to understand it in a recognizable form. However, mode, economy 
and power vary in relation to different ages, to different styles among learners, and to 
different subject matters.  Bruner maintains that any domain of knowledge can be 
represented in three ways: 
 
1. By enactive representation. This type of representation is a set of actions 
appropriate for achieving a certain result. Bodies of knowledge can be known 
without having imagery or words to describe them. Such bodies of knowledge 
are very hard to teach to anybody by means of words or pictures and most often 
their transmission is based upon the learning of responses or forms of 
habituation. 
2. By iconic representation. Iconic representation is primarily governed by 
principles of economical transformations in perceptual organizations. This type 
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of representation is a set of visual or other sensory organization, usually 
dependent upon images or graphics which summarize and stand for a concept. 
3. By symbolic representation. This type of representation is a set of symbolic or 
logical propositions drawn from a symbolic system that is governed by rules or 
laws for forming and transforming propositions. Symbols are arbitrary; there 
may be no analogy between the symbol and the object it represents. Symbolic 
systems provide the means of getting free of the immediate appearance of an 
object as the sole basis of judgement and usually, such as in the example of 
mathematical equations, offer the attribute of compactibility. 
 
Actions, images and symbols vary in difficulty and utility for people of different ages, 
different backgrounds and different styles. Moreover, each of these can be context 
specific. For example, a problem in the law would be hard to represent as a diagram, but 
one in geography lends itself easily to imagery. Other subjects such as mathematics 
have alternative modes of representation. 
 
Besides the mode of representation, Bruner (1966) maintains that economy and power 
are also important features of the structure of knowledge representations. Economy in 
representing a domain of knowledge relates to the amount of information that must be 
held in mind and processed to achieve comprehension. The more items of information 
one must carry to understand or deal with a problem, and the more successive steps one 
must take to process information to achieve a conclusion, the less the economy. 
Economy varies with mode of representation and is also a function of the sequence in 
which material is presented or the manner in which it is learned. Economy can be 
further increased by using diagrammatic notations. In addition, there may be varying 
degrees of economy within such recourse to the iconic mode of representation. Bruner 
gives an example featuring information about intercity flights, where the task is to 
determine the shortest distance from one particular city to another. He explains how 
different representations, in the form of: a) word list in random sequential order; b) 
word list in alphabetical order; c) a topological graph diagram with vertices standing for 
city names, and lines standing for the interconnection in between them; and d) a re-
arranged topological graph diagram describe the information given. The economy and 
hence, effective power of utilization of each of these representations varied dramatically 
due to the way the information was presented. Bruner states that a structure may be 
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economical and powerless, but it is rare for a powerful structuring technique in any field 
to be uneconomical. He relates this to the canon of parsimony shared by many 
scientists, that nature is simple, and only when nature can be made reasonably simple 
can it be understood. According to Bruner, the power of a representation can also be 
described as its capacity, in user terms, for connecting matters that, on the surface seem 
quite separate. 
 
Bruner claims that apart from the mode of representation, and its economy and power, 
sequence of instruction is also key to effective learning. He states that the sequence in 
which a learner encounters materials within a domain of knowledge affects the 
difficulty he will have in achieving mastery. There is no unique sequence for all 
learners, and the optimum in any particular case will depend upon a variety of factors, 
including past learning, stage of development, nature of the material and individual 
differences. Bruner’s key assertion about sequence is that if the usual course of 
intellectual development moves from enactive through iconic to symbolic 
representations of the world, it is likely that an optimum sequence will progress in the 
same direction. This is considered a conservative doctrine. For, when the learner has a 
well developed symbolic system, it may be possible to circumvent the first two stages. 
The problem with this is that the learner may not possess the imagery to fall back on 
when his symbolic transformations fail to achieve during the act of problem solving. 
 
Bruner supports his arguments with an example from mathematics. The object of the 
given task to children was to begin with an enactive representation of quadratics, and to 
move to an iconic representation of the topic. Bruner found that initially, children were 
unable to represent things to themselves in a way that went beyond their immediate 
perceptual grasp. The achievement of more comprehensive insight seemed to require 
the building of mediating representational structures. The children were given multiple 
embodiments of the same general idea, expressed in a common notation, and by 
decreasing the specific sensory properties they were enabled to grasp the abstract 
properties of the task. One striking observation was that the children not only 
understood the abstractions they had learned, but also had a store of concrete images 
that served to exemplify the abstractions. When they searched for a way of dealing with 
new problems, the task was usually carried out, not simply by abstract means but also 
by ‘matching up’ images from their mental store. Bruner’s conclusion was that it was 
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probably necessary for a child learning mathematics to have, not simply a firm sense of 
the abstraction underlying what he was working on, but also a good stock of visual 
images for embodying the abstractions. Without the latter, it seemed difficult to track 
correspondences and to check what one was doing symbolically. Once abstraction was 
achieved, the learner became free, to a certain extent, of the surface appearance of 
things. He nonetheless continued to rely upon the stock of imagery built en route to 
abstract imagery. According to Bruner, it is this stock of imagery which allows the 
learner to work heuristically when exploring problems and relating them to problems 
already mastered. 
 
Bruner’s work was inspirational for this research because it influenced the design and 
mode of operation of resources for the teaching intervention used in this research. In 
this work the design concept of the teaching resources lie in using standard circuit 
component symbols.  The resource models were therefore iconic and symbolic at the 
same time. They were familiar to participants and they were kept economical, so as to 
maximize their power. They were also designed to be enactive because their concept 
could be easily operated mentally or manually, without need for static diagrams or 
words put on paper. Their tangible nature made them more enactive than other 
resources implemented through software. Bruner asserts that the usual course of 
intellectual development moves from enactive to iconic to symbolic representations and 
it is therefore likely that an optimum sequence of instruction should progress by the 
same methods. This statement was influential on the sequence used to present the 
teaching resources to participants. 
 
2.1.2 The Cognitive Sciences. 
 
2.1.2.1 Determinants of Problem Difficulty and Search Space Constraints. 
 
Unfamiliar problems require insight for the generation of appropriate solutions. Insight 
is defined by Kaplan and Simon (1990) as a subjective ‘aha!’ experience during the 
problem-solving process. The experience of attaining insight requires the discovery of 
effective problem representations and the ability to change representations as required. 
It seems that subjects tend to always adopt a suggested representation instead of 
choosing deliberately between different ones (Kotovsky and Fallside, 1989) . 
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Problem difficulty is related to the size of the search space, apart from the amount of 
knowledge possessed by the subject. There may be ways, therefore, of guiding subjects 
towards insightful solutions by adopting methods that select and constrain the problem 
search space, so that subjects convert an enormous, unmanageable search space into a 
smaller one. The crux of problem-solving would therefore be selectivity in problem 
search space. 
 
Kaplan and Simon (op. cit., pp.381-382) suggest that there are four sources of search 
constraint, two external and two internal as indicated by Table 3. 
Table 3: Four sources of constraint for problem search space as claimed by Kaplan and Simon (1990). 
 External sources of constraint Internal sources of constraint 
1 
Perceptual cue salience manipulation in the 
problem. 
Prior knowledge possessed by the 
subject. 
2 Hints given by the experimenter Heuristics 
 
Perceptual cue salience and hints are external sources of search constraint because they 
are found in the problem environment, rather than in the solver’s head. Due to this they 
can be easily manipulated. These two external sources of search interact with the two 
internal ones, the domain-specific prior knowledge and the heuristic knowledge, when a 
solution to a problem is searched. To guide the solver, Kaplan and Simon suggest that 
increasing perceptual cue salience is one way of providing an external source of search 
constraint. Problems that require the invention of new cues are much more difficult than 
those that require only the noticing of cues that are already present. Without some sort 
of constraint, the space of possible inventions is huge, while when perceptual cues are 
present, only a limited number of salient features are normally noticed. Subjects need 
only notice these to constrain their search effectively. Moreover, if these cues possess 
features that are invariant with respect to different contexts, they will most probably 
attract attention and be remembered. This specifically provides valuable knowledge for 
search in new, possible problem spaces. According to Kaplan and Simon (ibid., p.412), 
insight problems are also solved by shifting the problem representation. 
 
The manner in which problems are represented was found to produce substantial 
differences in difficulty, generalizability and transferability of knowledge (Kotovsky et 
al., 1985; Kotovsky and Fallside, 1989; Kotovsky and Simon, 1990). Kotovsky and 
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Simon (ibid., p.160) found that isomorphism is not in itself enough to guarantee a 
significant amount of positive transfer of knowledge. In fact, they found very little 
transfer across some of the problem isomorphs used in their research. The controlling 
and determinant variables in problem difficulty and transfer of knowledge, were not 
problem search space variables but representational features. 
 
Kotovsky and Simon (op. cit., p.182) claim that the major predictor of transfer of 
knowledge is not the size of the structure of the problem but the similarity of move 
operators, or methods, between the initial problem and the transfer problem. The 
determining factor seems to be the nature of the methods, rather than the problem search 
space. 
 
2.1.2.2 The Value of External Representations. 
 
Spiro and his colleagues claim that key factors affecting the success with which prior 
knowledge is used to improve performance in a new situation will be the flexibility of 
knowledge representation and the mastery, or control, possessed by the individual over 
those flexible representations (Spiro et al., 1987). In fact, their ‘cognitive flexibility 
theory’, (ibid., p.2), emphasizes the promotion of multiple alternative systems of 
linkage among knowledge elements and the provision of adjunct support for the 
management of complex systems (Spiro et al., 1988a). Achievement of cognitive 
flexibility as defined by Spiro should lead to advanced knowledge acquisition, which is 
the learning beyond an introductory stage to attain deep understanding of content 
material, as well as the ability to reason with it and to apply it in diverse contexts. Thus 
cognitive flexibility and the consequent acquisition of advanced knowledge are 
dependent upon having a diversified repertoire of ways of thinking about a conceptual 
topic. 
 
The diversified repertoire of thought may be achieved by adopting a distributed 
cognition approach as understood by Zhang (1991), whereby intelligent behaviour is 
said to be the outcome of the interaction of internal cognition, external objects and other 
people. Thus, a cognitive task can be distributed among a set of representations, some 
internal, some external. Internal representations are the knowledge and structure in 
human memory, which are saved as propositions, schemas, neural networks or other 
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forms (Zhang, 1997). Internal representations are related to internal visualization, which 
is the ability to represent objects, events and abstract phenomena as mental images and 
to infer new information by the transformation of these images. External 
representations, or visualizations, are knowledge and structure in the environment. 
These can take the form of physical objects or artefacts, written symbols, and external 
rules or relations embedded in physical configurations  ( Zhang, ibid.; Hegarty, 2004). 
 
The process of interacting with an external representation is considered a crucial 
component of learning. External visualizations are seen as important ways of 
augmenting human cognition and extending the cognitive operating system to states, 
structures and processes outside the mind and body (Hegarty, ibid.; Kirsh, 2010). Even 
though some people can do things in their head that others cannot, there is always a 
point where internalist cognitive powers are overwhelmed and physical realization is 
considered advantageous. There are also occasions where fast physical processes, such 
as electrical behaviour, must be harnessed in order to formulate and transition in 
between thoughts. At times there may be cognitive tasks which simply cannot be 
executed internally in the mind. By creating external structures that anchor and visually 
encode human projections, the human mind can very often compute further and more 
efficiently and, moreover, create forms that allow thoughts to be shared (Kirsh, 2010). 
The dynamic interactions between external and internal representation may lead to 
personal versions of the presented information, and may widen the context of 
understanding by turning one’s own representations into stimuli. 
 
The outcome of this discussion frames the observation that one of the most serious 
contributors to the lack of advanced knowledge acquisition is the use of a single, 
internalist knowledge representation. This may lead to making assumptions about cases 
being simpler than they actually are and to premature analysis and conclusions about 
new, unfamiliar cases (Spiro et al., 1988a). By modifying or designing problems to 
evoke particular representations, the likelihood that those representations produce 
positive transfer of knowledge may be increased. The ease of availability and 
revocability of external representations make them especially usable in problem solving 
experiences (Kotovsky and Fallside, 1989). 
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The insight gained from the literature resources mentioned in Sections 2.1.2.1 and 
2.1.2.2 served to assign the scope for which the teaching resources were designed. The 
resources used as teaching aids were designed and produced so as to help in 
constraining and simplifying problem search space by external, visual means and 
gestural kinaesthetic means. 
 
2.1.2.3 The Value of using Multiple, External Representations. 
 
The literature consulted to inform this aspect of the research is mainly based on the 
works of Ainsworth (1999, 2006, 2008), Cox and Brna (1994) , and Spiro et al. (1988b) 
. All these authors are of the opinion that exposure of the learner to multiple external 
representations confers not only motivational benefit but may also lead the learner to a 
deeper understanding of a subject. This occurs because it is unlikely that a single 
representation is effective for all tasks. Rather, particular representations facilitate 
performance in particular tasks. Dividing information across multiple representations 
allows a learner to concentrate on different aspects of the task, apart from allowing 
designers to create individually simpler representations that are more usable. By 
exploiting combinations of representations, learners are more likely to capitalize on the 
strengths of any single representation rather than be limited by its weaknesses. This 
enables the learner to visualize complex ideas in new ways and to apply them more 
effectively. 
 
Research on learning with multiple representations has shown that when learners can 
interact with an appropriate representation their performance is enhanced. Within 
scientific fields, interacting with multiple forms of representation such as diagrams, 
graphs and equations is essential because some phenomena, like electricity, are not 
directly observable. Unfortunately, there is considerable evidence to show that learners 
find it difficult to understand how a representation encodes information, how to relate 
this to the domain it is serving and how to translate and relate between representations. 
Developing links is therefore not automatic. Learners can even fail to exploit the 
relational attributes that link representations to the extent that this inhibits rather than 
enhances the learning process. Further details about features which make multiple, 
external representations useful may be found in Section 2.1.2.5. 
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2.1.2.4 The Value of using Qualitative, Multiple, External Representations. 
 
Previous discussions in Sections 2.1.2.1 to 2.1.2.3 highlighted the importance of 
possessing a problem representation, whether internal, external, or distributed, prior to 
attempting the search for a solution. This section highlights the value of having a 
qualitative type of representation. This type of representation is considered more expert-
like, as revealed by the findings of Chi et al. (1981), Chi et al. (1988) , and Larkin 
(1983), for the domain of physics problems. Further details about what characterizes 
expert and novice behaviour may be found in Section 2.2.3.4. For Chi and his 
colleagues, a problem representation is an internal cognitive structure constructed by a 
problem-solver to stand for or model a problem. Their claim is that experts and novices 
possess different knowledge when approaching the same problem set. This is because 
they have different representations of the problems. According to Chi and his teams, 
experts and novices begin their problem representations by categorizing the problems 
differently. The completion of their representation and cues to solutions then depend on 
the knowledge associated with these different categories. 
 
More specifically, experts’ representations tend to contain a great deal of qualitative 
knowledge which can be identified as a non-mathematical, semantic description of 
physical objects and their interactions. Novices’ representation and categorization is 
based on the problem’s surface features, such as, the physical configuration described in 
the problem, the literal physics terms mentioned in the problem or the objects referred 
to in the problem. Novices may therefore assign undue importance to keywords and 
visual configurations given in the problem statement. 
 
Chi and his teams postulate that a problem representation is constructed in the context 
of the knowledge available and this constrains and guides the final form of the 
representation and, ultimately, the path towards solution. For these authors, categories 
identified for problem types constitute ‘schemata’, which are discussed in greater detail 
in Section 2.2.3.2. It is the content of these schemata that is different for experts and 
novices. While novices select literal features of a problem from its statement, experts 
identify a problem’s features by the description of the states and conditions of the 
physical situation described by the problem. They can therefore see underlying 
similarities in a greater number of problems. Novices, on the other hand, can consider 
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problems to be dissimilar just because the surface features are different. Experts 
perceive much more from problem statements and can use tacit knowledge to make 
inferences from a given situation. They can transform literal cues from the problem 
statement into features which activate a category schema for a problem type. The 
category schema is organized by the laws of physics and not by literal features found in 
the problem. This guides completion of the problem representation and yields a general 
form of the solution strategy. 
 
The insight gained from the literature resources mentioned in Sections 2.1.2.3 and 
2.1.2.4 served to plan for the intellectual growth of participants of this study toward 
expert-like behaviour. As discussed previously, apart from having an analytic aim, the 
scope of this research was also to design a teaching intervention from which participants 
of the study would benefit educationally. The target was not simply to encourage deep 
understanding of the physical phenomena of electricity involved, but also to foster 
expert-like characteristics of the problem-solving process through the pedagogical style 
and learning aids which were offered during the teaching intervention. 
 
2.1.2.5 The Value of Diagram based, Qualitative, Multiple, External 
Representations. 
 
2.1.2.5.1 Properties of the Organization of Information in Sentential and 
Diagrammatic Displays. 
 
The nature of attention-management depends crucially on linkages provided in a data 
structure. Larkin and Simon (1987) refer to a data structure in which elements appear in 
a single sequence, as a sentential representation. They refer to a data structure in which 
information is indexed by a two-dimensional location, as a diagrammatic or graphical 
representation. 
 
Sentential representations typically display information that is implicit and therefore has 
to be computed. Information display through diagrammatic representation is more 
explicit. Sentential and diagrammatic representations can be informationally equivalent. 
When this is so, their computational efficiency depends on operators which process the 
equivalent information. Assuming that a change of attention to an adjacent location is a 
computationally easy process, it is expected that diagrammatic representations exhibit 
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efficiencies, at least in the search process. This is due to the fact that the organization of 
information in a diagrammatic display is by location, and cues to a prospective logical 
step may be present at a location close to that used to initiate the search. Moreover, if 
the conditions of an inference rule are satisfied by the structure of information at one 
particular location, then no other search is required through the remaining data. Thus, 
diagrammatic representations permit information at one location to be addressed and 
processed simultaneously. With sentential representations, this is psychologically 
complex, since information must be continually held whilst searching for other related 
information. Diagrammatic representations therefore, reduce search and remove the 
need for labelling since the perceptual work of recognition is usually automatic and easy 
(Larkin and Simon, 1987). Stenning and Oberlander (1995) concur with Larkin and 
Simon when proposing that graphical or diagrammatic representations limit abstraction, 
and thereby aid in processibility. In their view, graphical representations compel the 
specification of classes of information and, in so doing, permit the expression of some 
but not all of the abstractions possible. This makes diagrammatic representations easier 
to process. 
 
Overall therefore, a useful property of diagrams is that they are explicit and preserve 
topological and geometric relations between components such that, with perceptual 
enhancement, conclusions may be read off from a diagram by simple direct perceptual 
operations and envisioning (Larkin and Simon, op. cit.; Lindsay, 1988; de Kleer and 
Brown, 1983). When dealing with diagrams, the processes of search, recognition and 
inference work together to supply the reader with information, and whether a diagram is 
computationally efficient and powerful depends on how well these three processes work 
together (Larkin and Simon, op. cit.; Scaife and Rogers, 1996; Bruner, 1966). The 
human cognitive operating system extends to structures and processes outside the mind 
and body to reduce the cognitive load of processing information.  A diagram is expected 
to be adept at being cost-effective in terms of the reduction of cognitive load and 
information processing (Kirsh, 2010; Blackwell, 1997; Sweller et al., 1990). The 
manipulation of visual images may reduce the load on working memory and speed up 
the process of inference (Scaife and Rogers, 1996). Human abilities to recognize 
information are highly sensitive to the exact form in which the information is presented 
to the senses, and rearranging the elements of a particular representation may cause it to 
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correspond to a different possible world (Larkin and Simon, op. cit.; Stenning and 
Oberlander, op. cit.; Pudlowski, 1988).  
 
Similarly to the discussion of literature in Section 2.1.1.1, the insight gained from the 
literature in Section 2.1.2.5.1 has spurred one of the main hypotheses for this research, 
namely, that a different form of visual representation of the same electrical circuit 
diagram could influence the interpretation and understanding of abstract electrical 
concepts relevant to the electrical behaviour of the circuit. The research therefore 
necessarily needed to be informed about strategies which might help the management of 
visual variables for the electrical circuit diagrams and the eventual design of the models 
used during the teaching intervention. Such strategies are presented in Sections 2.1.2.5.2 
and 2.1.2.5.3 that follow. 
 
2.1.2.5.2 Management of Perceptual Attributes. 
 
Highly specialized abstract content, like electrical circuit diagrams, impose challenging 
processing demands upon novices in a subject domain because the presence of higher 
order relationships seems not to be readily apparent (Lowe, 1988, 1989a, 1989b, 1990, 
1994, 1995). Novices in a field seem to benefit from diagrams whose significant 
attributes are made to stand out or go together, thus highlighting meaningful visuo-
spatial relationships within the diagram and guiding attentional shifts by the very 
structure of the data (Lowe, 1994; Larkin and Simon, 1987; Grant and Spivey, 2003; 
Egan and Schwartz, 1979; Pule' and McCardle, 2010). Indeed, the management of the 
perceptual properties of a diagram was found to be key to generating insight in problem 
solving tasks and increasing significantly the frequency of correct solutions (Grant and 
Spivey, op. cit.). This may be achieved by controlling the relative dominance and 
perceptual precedence of a graphic object within a diagram. By manipulating attributes 
such as relative size, protuberance, minima of curvature, isolation, strength of 
boundaries and colour, the reader may be directed to shift his/her attention towards 
particular salient graphic objects in a diagram earlier or later when the diagram is 
perused (Winn, 1991; Hoffman and Singh, 1997). Thus, the pre-attentive organization 
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of information by means of what Winn defines as configuration and discrimination
1
 has 
direct implications on cognition and learning, and the way in which perceptual groups 
are formed largely determines how the information in a diagram is encoded (Winn, 
1991, p.212, 1993). Significant affordances which a page can offer include the attributes 
of proximity, position and paths. Proximity and use of space augments topological 
information with Euclidean space by categorizing subsystems in clearly defined 
perceptual groups. Position is normally divided into the horizontal and vertical 
directions, each metaphorically representing entities such as time, actual spatial position 
or abstract concepts. Paths are usually used to indicate real or metaphoric connectedness 
and relationships (Nickerson et al., 2008; Crilly et al., 2006). It is noteworthy to 
mention that, since these perceptual processes are pre-attentive and organize the data 
directly, they should not be affected by the reader’s characteristic content knowledge. 
 
One potential source of difficulty with interpreting a diagram-based representational 
format may lie in the perceptual cues offered by the representation (Kaplan and Simon, 
1990). Perceptual features, such as structure, allow inferences to the function of a 
representation, and may form perceptual-functional units, or affordances. Language 
may also support such inferences from form to function (Tversky, 2005). One example 
given by Tversky, which is relevant to the scope of this study, is that of an upside-down 
bowl. Due to its spatial features and relations as such, an upside-down bowl cannot 
afford the function of containment (ibid., pp.332-333). The perceiving of function 
typically entails observing or knowing about elements in action or interaction, what de 
Kleer and Brown (1983, p.156) call ‘envisioning’. With experience, people can come to 
make functional inference from perceptual form and appearance (Tversky, op. cit.). 
 
2.1.2.5.3 Physical and Cultural Experiences. 
 
When a diagram is used to represent abstract concepts, the metaphorical mappings of 
the diagram’s structure are usually based on our physical and cultural experiences. 
These may have become so internalized that we become unaware of them. The 
conditions for our experiences depend on constraints such as the three dimensional 
                                               
1 Configuration processes: objects or concepts which appear to form clusters, the sequences in which objects are processed and 
which objects later receive the most attention. Discrimination processes: how objects and processes are shown and the ease with 
which one object can be distinguished from another. 
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space in which we live. Thus for example, our immediate space is constrained by a local 
upright direction determined by the earth’s gravitational field and a flat, solid surface, 
orthogonal to the local upright direction, which bounds our immediate space from 
below. This gives rise to the spatial orientational metaphor such as the up-down 
dimension which is ubiquitous and salient in the structuring of our perceptions, 
cognitive maps or verbal descriptions. The upward direction dominates the downward 
direction since things above ground are more accessible (Lakoff and Johnson, 1980; 
Boroditsky, 2000; Shepard and Hurwitz, 1984; Blackwell, 1997). Another experiential 
constraint is the structure of the language we use to communicate. For example, the 
direction of writing horizontally from left to right in Western languages is usually used 
to express temporal sequence (Nickerson et al., 2008; Tversky et al., 1991). Considering 
these constraints together therefore, it is not surprising to note that we tend to read 
diagrams from left to right, top to bottom (Winn, 1991). Such mechanisms which were 
primarily developed for perceiving and reasoning about the spatial world are likely to be 
used for reasoning about other domains, for example electrical voltage potential, due to 
the interaction of representations in the mind and on the page. Due to their experiential 
basis, such metaphors prove to be very powerful when employed in search processes as 
applied to diagrams (Stenning and Oberlander, 1995; Nickerson et al., op. cit.; Winn, 
1993). Humans are attuned to constraints in their physical environment and may benefit 
from a visual representation which limits abstraction (Blackwell, op. cit.; Kirsh, 2010; 
Stenning and Oberlander, op. cit.). By employing graphical constraining, the coupling 
between the elements in the visual display and the represented world becomes more 
tractable and supportive for the generation of inferences (Scaife and Rogers, 1996). 
 
The insight gained from the literature resources mentioned in Sections 2.1.2.5 inspired 
the researcher to keep close focus on the valuable properties offered by diagrammatic 
representations and to try to exploit these to the full, in various ways as relevant to the 
topic of resistor-capacitor electrical circuits.  The eventual homing in on the phenomena 
which surround circuit diagrams, graphs and the design of models as teaching resources 
stems from the influence of the literature mentioned in Section 2.1.2.5. 
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2.1.2.6 The Relationship between Diagrams and Complimentary Text. 
 
2.1.2.6.1 Dual Coding Theory. 
 
Dual Coding theory (Clark and Paivio, 1991; Paivio et al., 1989; Paivio, 1971, 1969) 
postulates that mental representations are associated with distinct verbal and nonverbal 
symbolic modes and retain the properties of the concrete sensorimotor events on which 
they are based. While verbal modes refer to linguistic symbols which are to an extent 
arbitrary, nonverbal representations include images, sounds, actions, and skeletal or 
visceral sensations related to emotion, which are analogous or perceptually similar to 
the events they denote. Dual coding theory explains psychological phenomena by the 
combined action of verbal and nonverbal systems. These systems are composed of 
mental structures and processes. Mental structures are networks of associations between 
verbal and nonverbal representations, while processes concern the development and 
activation of the said structures. Connections within the structures can be of two types: 
referential, which join corresponding verbal and nonverbal codes, such as imaging to 
words and picture naming; and associative, which join representations within the verbal 
and nonverbal systems, such as word to word or picture to picture. Research evidences 
the enhancement of memory if verbal information is presented with visual information 
and vice versa. It was found that students are more likely to generate mental images if 
instructed to do so, rather than left to their own devices. Besides, instructions and 
related context were found to influence not only the relative activation of verbal and 
nonverbal systems, but also the patterns of activation within these same systems. 
Therefore, teaching methods can, intentionally or unintentionally, prime classes of 
responses for subsequent items. The role of past experience is recognized as being of 
central importance to the development of mental representations within dual coding 
theory. Experience is accumulated through formal teaching and also through self-
learning. The act of reading alone seems to elicit substantial amounts of uninstructed 
imagery. According to dual coding theory, meaning and cognitive structure are the 
outcomes of associations in between the verbal and nonverbal systems. Jointly, these 
systems determine learning and memory performance, and influence storage and 
retrieval of information.  
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2.1.2.6.2 Paired Associate Learning. 
 
Paired associate learning is the combination and learning of syllables, digits, words or 
pictures in pairs so that one member of the pair evokes recall of the other. This occurs 
when the stimulus member of the pair serves as a ‘conceptual peg’ to which its 
associate is hooked while the learning takes place with both members being presented 
together (Paivio, 1969, p.244, 1971). Consequently, the response member can be 
retrieved on recall even when the stimulus member is presented alone. Mental code 
switching in between verbal and nonverbal information is an important referential 
activity. Dual coding theory postulates that related verbal and nonverbal representations 
are directly connected and are most probably determined and maintained by the number, 
type and recency of one’s experiences of referring to objects by their names. The ease of 
translation between verbal and nonverbal representations is expected to be positively 
correlated such that the strength of connections in one direction provides opportunities 
for strengthening the operations in the opposite direction. Presumably, the arousal of the 
said operations can be influenced by instructions given to subjects. This study searched 
for the possible referential and associative links as indicated in Table 4. 
 
Table 4: A dual coding theory representation of the referential and associative connections for the topic of 
resistor-capacitor series circuits prior to a novel teaching intervention. 
Verbal Nonverbal 
                        Referential connections 
 Associative connections 
  
 Visual Imagery Kinaesthetic Imagery 
The word ‘charging’ Circuit diagram Graph Hand gestures 
The word ‘discharging’ Circuit diagram Graph Hand gestures 
 
The insight gained from the literature resources mentioned in Section 2.1.2.6 has been 
influential towards assigning importance to the verbal descriptions of the words 
‘charging’ and ‘discharging’ tagged to the diagrammatic information relevant to 
resistor-capacitor electrical circuits either in graph form or circuit diagram form. The 
observation and explanation of phenomena that link these verbal descriptions to 
diagrammatic representations stem from the influence of the literature presented in this 
section. 
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2.1.2.7 Application of the Findings from Cognitive Science Literature. 
 
The teachings from cognitive science presented in Section 2.1.2 have proved useful for 
the design of both interview/test questions and model teaching resources used in this 
research. Starting from the discussion about problem difficulty and search space 
constraints, it was realized that a novice can be helped or hindered while problem-
solving by the way in which the information in the problem is presented, especially 
when diagrams are employed. This knowledge was particularly pertinent to the topic of 
electrical circuits since these are almost always depicted in terms of diagrammatic 
representations. Knowledge about the role of diagrams within the thinking process, 
knowledge about ways in which diagrams can be made more helpful for a novice solver, 
and knowledge about relations between verbal and diagrammatic representations were 
three kinds of information which implicitly guided the design of questions posed to 
participants and conceptual model artefacts used during the teaching intervention. 
Details about the design of these may be found in Chapter 3. 
 
2.1.3 Physics and Engineering Education with a Focus on Electrical Circuits. 
 
2.1.3.1 Phenomenological Primitives. 
 
DiSessa (1983, p.16) defines ‘phenomenological primitives’, or ‘p-prims’, as being 
minimal abstractions of simple, recognizable, common phenomena. In other words, 
these are sets of knowledge structures which physics-naive students usually possess, 
and in terms of which they might see and explain the world. Examples of p-prims given 
by diSessa and relevant to this research are: ‘springiness’ and ‘Ohm’s p-prim’, details 
for which can be found in the cited publication. According to diSessa, p-prims may 
need to be modified and abstracted towards applicability and generalizability to become 
useful to experts. The recognition of p-prims can serve as a heuristic cue to other, more 
formal analysis. The existence of p-prims suggests how the remembrance of an 
interpretation of some event, such as the compression or relaxation of a spring, can have 
important and far reaching effects when integrated with knowledge of when, and when 
not, to see a similar situation. Awareness about a naive person’s repertoire of p-prims 
could be key to inform ways of developing these primitive phenomena into more expert, 
scientific understanding. 
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The ‘springiness’ and ‘Ohm’s p-prim’ were used in this research as the key design 
concepts for the model teaching resources. The ‘springiness’ p-prim was used in 
relation to the behaviour of resistors in circuits, while the ‘Ohm’s p-prim’ was used 
primarily in relation to the behaviour of the capacitor and the output expected out of the 
circuit after the application of different signal types. 
 
2.1.3.2 Components of Qualitative Reasoning for Machines. 
 
The process of simulating a machine in the ‘mind’s eye’ is related to the concept of 
qualitative simulation. De Kleer and Brown, and de Kleer, investigated the concept of 
qualitative simulation for the context of electronic circuits (de Kleer and Brown, 1983; 
de Kleer, 1979, 1984). Their theory of qualitative reasoning is based on: 
 
1. The recognition of the device’s topology, that is, electrical circuit constituents 
such as resistors and, electrical circuit connections, such as wires. 
2. The process of envisioning. 
3. The development of a causal model. 
4. The mental running of a causal model. 
 
DeKleer and Brown (op. cit., p.159) have proposed that both structure and function of a 
device are represented by some knowledge representation scheme. As illustrated in 
Figure 3, the device topology, or physical organizational structure of the device, acts as 
input which, through the process of envisioning, eventually develops a runnable causal 
model of the device. 
 
 
 
 
 
 
 
 
Structure Intrinsic 
mechanism 
A Causal model Running of Causal Model 
Envisioning 
Functional 
evidence 
Projection 
Figure 3: The process of simulating a machine in the ‘mind’s eye’ – the concept of qualitative simulation. Adapted 
from de Kleer and Brown (1983). 
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The envisioning process depends fundamentally on the knowledge of the behaviours of 
each individual constituent, which together make up component models for each of the 
circuit constituents. These component models are the foundational principles which the 
envisioning process calls to derive the function of the circuit from its structure. 
Envisioning is an inference process that relates and connects primitive causal effects, 
thus converting primitive structural pieces into behavioural ones. To determine the 
function of the overall device, individual component models must be examined and a 
specific behaviour, must be chosen from all those possible as that which is actually 
manifested. These then must be merged with other behaviours and component models to 
get at the whole circuit function. 
 
A learner trying to acquire a deep understanding of a particular device will usually be 
given some collection of components and, from their primitives, will be expected to 
synthesize, via the envisioning process, a relation between the structure and the function 
of the device. There is much evidence to suggest that the major mode which humans use 
to understand complex devices involves recognizing structural patterns whose 
functionality is already understood. Although recognition rules may speed the discovery 
process, their origins should be explained and their limitations understood well. 
 
2.1.3.3 Types and Sequence of Causal Models Ideal for Science and Engineering 
Education. 
 
White and Frederiksen (1989, 1990), and White (1993) postulate that the lack of 
connection between students’ intuitive notions of both causal mechanisms and circuit 
theory is one reason why they typically have so much difficulty understanding the 
behaviour of electrical circuits. In these authors’ view, students would learn circuit 
theory more readily if it were introduced in the form of qualitative models of circuit 
behaviour. In order to understand any physical system, there is need for causal mental 
models but it is not enough to have just one mental model for how a system works. 
Alternative mental models that represent circuit behaviour from different but related 
perspectives are not superfluous. When internalized in the form of mental models, these 
causal models can enable students to simulate mentally when designing circuits, and to 
explain domain behaviour when troubleshooting. White and Frederiksen (1989) warn 
against some analogies used to help students understand circuit behaviours, such as 
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those involving water flow. Use of such analogies may cause other misconceptions 
which could be avoided if students developed more robust physical models of electrical 
phenomena. They suggest therefore that the instructional system include causal models 
that can visually simulate and verbally explain the causality of circuit behaviour. These 
can demonstrate different perspectives of circuit behaviour such as macroscopic and 
microscopic. 
 
For the purposes of this research, only macroscopic or phenomenological causal models 
were relevant. These tackle circuit problems in a more expert-like fashion, in terms of 
how changes of states in electrical devices propagate through the circuit. The reasoning 
concerns the causal interactions among devices, such as whether voltages would be 
present or absent across devices, and not their quantitative values. White and 
Frederiksen also propose that effective causal models should be reductionistic models, 
whereby the causal mechanism is based on diSessa’s phenomenological primitives 
(diSessa, 1983). They claim that research into physics textbooks, electrical engineering 
textbooks and technical textbooks revealed no such dynamic physical models. This is 
considered to be a gap since, in the initial stages of learning, most students find that 
mathematical abstractions make sense only after a domain is understood in causal terms. 
 
In White and Frederiksen’s view, key processes are best understood when grounded in 
phenomenological primitives, and instruction which makes use of models must start 
with the dynamic physical models which provide a sense of mechanism and causality 
before presenting more abstract models. Based on studies of experts’ problem solving, 
they advocate multiple conceptualizations of a domain which serve different purposes, 
starting with simple, qualitative, reductionistic causal models, and progressing to more 
complex, qualitative and quantitative ones. In other words, they advocate a progression 
of cognitive models. They insist that students should have clear, runnable causal models 
for a domain before they are faced with quantitative models and problem solving 
techniques. 
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2.1.3.4 The Influence of Analogy. 
 
Gentner and Gentner (1983) report that educators appear to believe that learners can 
import conceptual relations and operations from one domain to another. Nevertheless, 
research has reported that mental representations of physical phenomena often contain 
errors, even among college populations. Yet, although such mental representations may 
be inaccurate and even internally inconsistent, they strongly affect a person’s ability to 
construe new information in a given field. Gentner and Gentner explore the conceptual 
role of analogy for the topic of electricity, specifically the water analogy and the 
moving crowd analogy. They explain that the analogical models used in science can be 
characterized as structure-mappings between systems. The mappings in between base 
domain and target domain can be parsed in various ways by different individuals, or 
even by the same individual for different purposes. The results of their study indicate 
that the use of different analogies leads to systematic differences in patterns of 
inference, that is the inferences people make in a domain vary according to the 
analogies they use. 
 
They found the domain of electricity particularly ideal as a field of investigation on the 
role and influences of analogy. This is because, topics in electricity are controllable, due 
to the fact that correct understanding is usually straightforward to define. Due to its 
invisible nature, electricity is often explained by analogy and, moreover, since no single 
analogy can possess all correct properties, different analogies for the same target 
domain can be compared. 
 
2.1.3.5 The Components of Device Knowledge. 
 
Kieras (1988) lists several kinds of knowledge people may have about devices, among 
which (a) the purpose for which it is used, (b) how to operate the device, (c) its inputs, 
outputs and connections, (d) its internal and external layout and appearance, (e) the 
functional relationship between its inputs and outputs, (f) procedures for maintenance 
and (g) its internal structure and mechanisms, that is, how it works. 
 
These different kinds of knowledge about devices serve different purposes. Kieras 
argues that in the domain of electronic systems, knowledge which leads to inference 
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strategies is usually not made explicit in training materials. It seems that the trainee is 
expected to pick these up by himself from examples in the training materials or during 
apprenticeship. This is not easy for a novice learner. The knowledge types listed above 
lie on an increasing difficulty hierarchical scale, whereby inferring how a device works 
is exceedingly more difficult than, for example, understanding the purpose for which it 
is used, or how to operate it. 
 
Most knowledge possessed by novices seems to be related to operating the device as 
opposed to explaining how it works. Even a task such as the maintenance of an 
electronics circuit may not involve knowing the design considerations behind the 
discrete component level, but only the identification of the malfunctioning components. 
For the purposes of this research, the type of device knowledge required was the highest 
on the scale of difficulty level, the how-it-works knowledge, that is, knowledge which 
informs about the internal causal mechanisms and that which is required for design 
tasks. 
 
2.1.3.6 Circuit Schematic Diagram Representation and Interpretation – Chunking 
and Topological Influences. 
 
This section discusses the literature sources which were highly influential within this 
research, with regards to the design of questions presented to participants for the scope 
of data collection. 
 
The first source is the work of Egan and Schwartz (1979) which explores memory for 
symbolic electrical circuit diagrams. The main outcome of this work is that skilled 
electrical technicians, that is experts in the field, recalled circuit diagrams by chunks of 
functional units, where symmetry in the diagram seemed to play an important role. This 
was in contrast to novices who recalled the circuits on the basis of spatial proximity 
alone. This outcome has influenced the way circuit diagrams were drawn in this 
research. The circuits were perceptually chunked in order to make it easier for 
participants to arrive at the salient functional units. Symmetry has also been given 
importance within each circuit diagram and also across different questions, to enable 
participants to employ perceptual recognition methods on circuits. 
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The second influential source is the work of McCormick (2004), which ties with that of 
Egan and Schwartz in its influence on the way circuit schematic diagrams were drawn 
for this research. 
 
Figure 4 shows two representations of electrical circuits found in schools. McCormick 
states that Figure 4a is typical of a science class while Figure 4b is typical of a 
technology class. Figure 4a tends to induce sequential reasoning by using current as a 
variable. The rails of Figure 4b however, tend to induce reasoning which depends on 
voltage as a variable instead. Therefore, identical circuits may be interpreted differently 
according to the way their circuit schematics are drawn, and sometimes knowledge 
transfer in between different representations does not happen automatically or easily. 
This outcome is also supported by the research of Pudlowski (1988, 1993), Johsua and 
Dupin (1985), and Caillot (1985) who postulate that the perception and eventual 
interpretation of identical circuits may largely be distorted by the position of 
components or circuit topology within it. The collective, influential gist from these 
sources has influenced the topology selected for circuit schematic diagrams presented to 
participants of this research. 
 
 
 
 
 
 
 
 
 
 
 
2.1.3.7 Past Research on the Teaching of Electrical Circuits. 
 
According to von Rhoneck and Grob (1987), at the time, there were two different 
research approaches in the domain of basic electricity. The first approach analyzed 
problem-solving strategies of students and provided information about their 
misapprehension of concepts. The second approach, highlighted students’ 
+ 
- 
(a) (b) 
Figure 4: Two representations of circuits found in schools taken from 
McCormick (1983, p.176). 
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representation of the processes in an electrical circuit. In the latter view, students’ 
misconceptions were attributed to their personal representation of the electrical circuit. 
Such representation may originate in past experiences and therefore may determine 
perception and comprehension processes, thus structuring new scientific experiences. 
 
A review of literature on studies conducted prior to the year 1993 was written by Tallant 
(1993) and a study of this work’s bibliography reveals some important work on the 
domain of basic electricity (Fredette and Lochhead, 1980; Fredette and Clement, 1981; 
Duit, 1984; Dupin and Johsua, 1987; Danusso and Dupre', 1987; Heller, 1987; 
Shipstone et al., 1988; Dupin and Johsua, 1989). This review is not considered 
comprehensive though, because other important studies were being conducted prior to 
1993 on both approaches mentioned by von Rhoneck and Grob (op. cit.), (Hartel, 1982; 
Cohen et al., 1983; Shipstone, 1984; Johsua, 1984; Caillot, 1985; Closset, 1985; Black 
and Solomon, 1987; Shipstone, 1988; Brna, 1988; Picciarelli et al., 1991a, 1991b; Licht, 
1991; McDermott, 1991; McDermott and Shaffer, 1992; Shaffer and McDermott, 
1992). After the year 1993, the mentioned research approaches have continued until 
recently through such works as (Johsua and Dupin, 1993; Millar and King, 1993; Millar 
and Beh, 1993; Stocklmayer and Treagust, 1994, 1996; Metioui et al., 1996; Borges, 
1999; Grotzer and Sudbury, 2000; Steinberg and Clement, 2001; Clement and 
Steinberg, 2002; Steinberg, 2008a; Marshall, 2008; Engelhardt and Beichner, 2004; 
Periago and Bohigas, 2005; Afra et al., 2009; Smaill et al., 2012). 
 
2.1.3.7.1 Types of Circuits and Concepts Investigated. 
 
The research mentioned in Section 2.1.3.7 dealt with direct current, resistive electrical 
circuits. The circuits used in the studies typically feature one battery and a set of 
resistors or light bulbs arranged in various configurations ranging from an arrangement 
in series, in parallel, or a combination thereof. The circuits contain no switching 
elements and thus depict the circuit as already powered, with an initial condition which 
may make its parameters attain a non-zero value. Except for the studies of Steinberg 
(1987) and Rosenthal and Henderson (2006), no other research mentioned above 
included or suggested the use of capacitors in the circuits. The focus of the cited studies 
was the investigation of the steady state parameters of the electrical circuits, with 
Steinberg (1987), Ganiel and Eylon (1987), Eylon and Ganiel (1990), Thacker et al. 
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(1999), Allain and Beichner (2004) mentioning the significance and importance of 
studying parameter rate of change or transients in electrical circuits. The scope of many 
of these studies was the investigation of basic fundamental concepts in electricity, such 
as the definition and modelling of electrical current, voltage, resistance, power, energy 
and Ohm’s Law together with relationships in between these parameters. The studies 
involved questions that required the participant to deduce new states of the mentioned 
circuit parameters, or to state visual observations regarding light emitted by bulbs, if the 
circuit was slightly modified, for example with the addition or removal of resistors. 
Except to a certain extent for Thacker et al. (1999), these studies did not involve an 
investigation or discussion on the electrical ground level as a reference level of zero 
potential. Only the studies by Beeson (1977), Johsua and Dupin (1985), Caillot (1985), 
Pudlowski (1988), Marshall (2008) have suggested that participants’ understanding of 
electrical circuits may be influenced by the way the circuits are drawn.  
 
The current study differs from the cited list of past research, because the designed 
circuits all contained at least one capacitor together with one battery, one resistor and 
one single pole-double throw switch.  In contrast to the past studies, the circuits also had 
the location of the electrical ground as a reference electric potential, clearly identified 
with the appropriate electrical symbol since this was important for the analysis of the 
circuits. The majority of circuits used for this research employed the connection of 
components in series only, but the sequence of the switch, the resistor and the capacitor 
around the loop was varied. The switch was used to change the state of the circuit from 
its initial condition to its final condition, where either of these states could be such, that 
the parameters of the circuit are non-zero, or zero respectively. No components were 
added or removed from the circuit under analysis. The focus of the study was the 
qualitative visualization of the voltage potential at particular nodes in the circuits with 
respect to the electrical ground point. Hence, in the present study the main focus was 
the investigation and descriptive visualization of the transient state of the circuit as it 
changed its status from a stable initial condition to a stable final condition. This study 
has assumed that participants had mastered the basic concepts about the circuit 
parameters such as current, voltage, etc., described in the past research on electrical 
circuits. This research did not aim to test for participants’ understanding of such 
fundamental concepts, and this may constitute a limitation because, as the past literature 
has outlined, students may retain certain fundamental difficulties even up to university 
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level. The present research moves the knowledge base regarding electric circuits 
forward since it investigates processes on a higher level than those studied in the past. 
Apart from Johsua and Dupin (op. cit.), Caillot (op. cit.), and Pudlowski (1988, 1993), it 
is probably unique in its consideration of cognitive factors in relation to the visual 
aspect of the circuit schematic.  
 
2.1.3.7.2 Representation of Circuits through Diagrams. 
 
In most past studies, the representation of the electrical circuit was conveyed via a 
circuit schematic employing standard symbols or through a verbal description of the 
circuit. Studies such as that of Engelhardt and Beichner (2004) also employed realistic 
displays of circuits. A global view of all schematic circuit diagrams in most of the 
questionnaires gives the impression that, within any one questionnaire, authors do not 
seem to employ a deliberately designed method of positioning the electrical symbols of 
the schematic with respect to a common framework, such as a vertical or horizontal 
organization of the circuit diagram according to voltage potential of the salient 
junctions. Although experts in the field normally do employ such a technique for 
drawing standard circuit diagrams, they might do so quite unconsciously drawing on 
experience rather than through conscious design (Marshall, 2008). 
 
In electrical circuits, it is the topological connections that matter most and not the 
geometry of the schematic diagram. Nevertheless, even if this may only be an aid rather 
than a necessity, the way an electrical circuit is drawn may impinge on the cognitive 
load necessary to envision the function of the circuit (Johsua and Dupin, 1985; Caillot, 
1985; Pudlowski, 1988; Beeson, 1977; Marshall, 2008; de Kleer and Brown, 1983; 
Amigues et al., 1987). The present study is novel in this respect, in that it does not 
assume that the way the circuit schematic is organized does not matter. Indeed, each and 
every one of the questions presented in the questionnaire of this research was designed 
to follow a consistent vertical organization according to voltage potential. This vertical 
organization was selected because research in the cognitive sciences suggests that the 
vertical dimension may be more natural to work with when one needs to mentally 
visualize a grid reference of increasing values on which to map circuit parameter values 
such as measurements of voltage. A detailed explanation of the cognitive principles 
involved in the design of the circuit schematics was discussed in Section 2.1.2.5. This 
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vertical organization was selected because the visualization of voltage potential in this 
way offers direct facilitation for the interpretation of graphical representations as 
measured on real laboratory equipment, such as an oscilloscope. 
 
In contrast to some past studies, in this research, the cognitive load involved in mentally 
imagining the physical connections of the circuit when the switch is flipped was 
completely removed. For each question the circuit was drawn twice, making the 
physical connections of the circuit explicit. This is another novel factor of the present 
research. The circuit schematic graphic organization was deliberately designed to 
correspond both to the practical act of graphical measurement through a real 
oscilloscope, and also to correspond to a vertical framework for conceptual models, 
designed and built for use in a teaching intervention which complemented the test 
questions and interviews.  
 
2.1.3.7.3 Strategies for the Teaching Interventions Proposed to Correct the 
Misconceptions. 
 
The list in Table 5 shows proposed teaching interventions suggested by some authors of 
past research projects. The proposed methods are aimed at correcting the common 
misconceptions outlined in these studies. 
 
The present study has taken on some of the suggestions proposed. Specifically, it 
employed the use of capacitors, it put the emphasis on potential difference or voltage, 
rather than current, it employed a rigorous method of how to draw the circuit schematic, 
and finally, it employed extensively the use of graphic representations to aid the 
visualization of the values of voltage potentials. Moreover, the current research is novel 
in proposing the use of tangible models and gestural movements to aid visualization 
rather than just abstract conceptual models. 
 
This research also imports ideas from the works of Croskey (1990), Doering (1996), del 
Rio and Rodriguez (1996), del Rio and Valdes (1997), Sullivan (2002, 2003), and 
Gueuning (2005). All these studies were targeted at providing visualization aids for 
electrical and electronic circuits. 
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Table 5: A list of proposed teaching interventions aimed at correcting peoples’ misconceptions about the topic 
of basic electricity. 
Proposed teaching intervention Authors  
1 Introducing of capacitors in circuit. (Steinberg, 2008a), 
(Steinberg, 2008b), (Steinberg 
and Clement, 2001) 
2 Linking electrostatics with electrodynamics, that is, 
linking the macroscopic notions to the microscopic 
notions. 
(Thacker et al., 1999), (Eylon 
and Ganiel, 1990) 
3 Using Analogies. (Clement and Steinberg, 
2008), (Tallant, 1993), (Dupin 
and Johsua, 1989) 
4 Putting the emphasis on potential difference rather than 
current. 
(Cohen et al., 1983), (Psillos 
et al., 1988) 
5 Putting the emphasis on the changes in voltage rather 
than the loop rule. 
(Rosenthal and Henderson, 
2006) 
6 Paying attention on how the circuit diagram is drawn. (Marshall, 2008) 
7 Using semi-quantitative graphic representations to 
visualize phenomena, for example, Steinberg’s ‘pressure 
halos’. 
(Steinberg, 2008a), 
(Steinberg, 2008b) 
8 Using demonstrations and classroom activities. (Steinberg, 2004), (Tallant, 
1993),(Arnold and Millar, 
1988) 
9 To employ concept maps. (Tallant, 1993) 
10 To employ active-learning and peer-marking methods (Smaill et al., 2012) 
 
 
2.2 Framing this Research in a Broader Context 
 
The objective of this section is to frame the current research into a broader context 
which will link characteristics pertaining to science and the topic of electrical circuits to 
some human characteristics displayed during the process of learning the topic of RC 
circuits.  
 
2.2.1 Electrical Topics at University Level. 
 
2.2.1.1 Elements in the Teaching and Learning of Analogue Electronics. 
 
2.2.1.1.1 The ETL Project: Enhancing Teaching and Learning Environments in 
Undergraduate Courses. 
 
The ETL was a large-scale project within the Teaching and Learning Research 
Programme of the British Economic and Social Research Council that looked at 
contrasting university subject areas including analogue electronic engineering, to 
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research into the effects of teaching on the quality of student learning (Entwistle et al., 
2005a). Although reports warn that none of the conclusions should be taken as 
providing definitive evidence due to the self-report formats used and limitation in the 
size of the samples, results may be treated as being indicative. The main conclusion of 
the research was that the type of teaching provided for students affects not only what 
students learn (knowledge and skills) but also how they go about learning (the 
processes). It was concluded that it is possible to markedly affect the extent to which 
students adopt a deep or surface approach by the kind of teaching and assessment 
procedures they experience. It was suggested that students perceive good lecturing 
when this was based on clarity (of speech and illustrations), on the level of difficulty 
(matched to students’ prior knowledge), on the pace appropriate to ability level and on 
clear logical course structure. The ETL project involved interviews with lecturing staff 
and more than one questionnaire that was given to students.  
 
2.2.1.1.2 Outcomes of the ETL Project. 
 
The main reason why analogue electronics was selected, out of all the possible 
electronics topics in an engineering course, was because both staff and students agreed 
that there is a particular way of thinking associated with the analysis of analogue 
circuits that recurrently proves difficult for a substantial proportion of students. The 
importance of achieving and mastering competence in such ways of thinking and 
practicing was deemed essential for successful engagement with the subject. Amongst 
others, the main key points identified as essential for supporting understanding in 
analogue electronics were: (a) interpreting circuit diagrams, (b) imagining circuit 
behaviour, and (c) using simplifying transforms. These three points are especially 
relevant to the current study because the circuits used for this study fall under the 
category of analogue electrical circuits. 
 
In the ETL project, it was noted that students were less likely to adopt a deep approach 
during analogue work than in their other studies. They were putting less effort into their 
work because they had failed to understand the early material, and so adopted ‘surface’ 
coping strategies rather than engaging with the problems in ways that would lead to 
understanding. This tendency was quite marked, and therefore made genuine 
understanding much less likely. Research reported by Scheja (2006) suggests that 
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engineering students experience substantial delayed understanding, as a result of which 
they keep falling behind in their studies, and consequently use a variety of coping ploys 
to try to catch up. 
 
The nature of topics in analogue electronics may be very singular. Indeed, one of the 
specific difficulties encountered by students is the fact that, while studying analogue 
electronics, they are faced with contrasting representations or models of the same 
circuit. As a matter of fact they have to deal with the actual circuit, the circuit diagram 
or schematic, with simplifying transforms of the circuit, with algebraic solutions and 
with computer simulations. Students have to shift over between all these different 
representations when solving problems or designing circuits, keeping in mind that they 
have to understand the circuit’s function both theoretically and practically. Additionally, 
analogue electronics involves the use of analytic skills as well as intuitive ones. 
Understanding analogue electronic circuits thus involves a blending of intuition derived 
from experience, detailed analysis, that may involve dexterity with mathematical skills, 
and imagination when designing new circuits. This combination of skills creates more 
difficulty than other areas of the curriculum of engineering subjects. In the ETL reports, 
students also commented about the incremental nature of the subject and how it built on 
previous knowledge, emphasising the importance of a sequential approach and the 
‘scaffolding’ of concepts. 
 
In analogue electronics, a deep approach appears to be intricately linked with a 
conception of learning as ‘transforming’. The approach to studying adopted by the 
student is not only affected by the student’s conception of learning but also by the type 
of teaching experienced. Deep or surface approaches were found to be related to 
preferences for teaching designed to encourage the respective approach. Findings 
indicate that for example, students with a reproducing conception, adopting a surface 
approach, prefer teaching that transmits information and directs learning towards 
assessment requirements. 
 
The method of teaching analogue electronics differed from one lecturer to another, and 
was related to the lecturer’s own background. It was noted that the teaching varied in 
the relative prominence given to mathematical analysis against a more functional input-
output approach, which was taken up by lecturers having greater industrial experience. 
Literature Review  Page 50 
All lecturers however, emphasised the value and importance of teaching for 
understanding, and all agreed that both mathematical and functional ways of thinking 
were necessary. The methodology used by lecturers to teach analogue electronics 
usually centred about the introduction of the theoretical ideas underlying various types 
of analogue circuits, together with the functions and analytic procedures involved in 
calculating the expected outputs from these same circuits. The students were then 
expected to work through a substantial number of circuit problems to build up the 
ability to recognise parts of the circuits and any recurrent patterns. Generally, students 
had to be encouraged to develop systematic strategies, but lecturers also noted that 
students were looking for clear stratagems, in the form of worked examples, that would 
guide them more easily towards solutions to the problems. Lecturers were wary of too 
much spoon-feeding however, and cautioned students against the mindless following of 
guiding procedures, warning the students that this approach would not get them very far 
in analogue electronics. The surface approach adopted by certain students was 
associated not just with a fear of failure, but also with inadequate prior knowledge, 
particularly in mathematics. Referring specifically to mathematical equations, students 
admitted that their way of thinking depended primarily on memorisation rather than on 
any other factor. 
 
Students did make it clear that, initially, they needed to have the function of a new 
circuit explained through concrete examples of its use in practice. Teaching was 
considered to be satisfactory when it was well-organised and when it provided good 
explanations and examples. Emphasis was put on the way a lecturer explained how to 
think about problems, and on the way the ideas and concepts were explained with 
particular reference to diagrams used during lectures. In other words, methodology 
seems to play a very important role in the teaching of analogue electronics and may 
strongly affect the perceptions students have of the subject, and indeed the approach 
they adopt when they try to learn it. 
 
The ETL project suggests that there are some aspects of teaching and learning that are 
essential for developing the required knowledge and skills in the subject area of 
analogue electronics. These are related to the nature of the subject. For analogue 
electronics, the following points were considered to form the main ways of thinking and 
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practising, amongst others, cited in the literature by Entwistle (2005a), Entwistle et al. 
(2005a), Entwistle et al. (2005c). 
 
1. Appreciating the overall function of the circuit. 
2. Drawing in previous concepts and integrating them. 
3. Recognising the salient groups of components. 
4. Thinking logically in setting about circuit analysis. 
5. Developing the necessary analytic tools for solution. 
6. Building up a memory bank of contrasting examples. 
7. Thinking intuitively in designing new circuits. 
 
The first, second, third, sixth and seventh points are particularly relevant for this 
research. The ETL project also proposed that, while other aspects of teaching or 
learning the subject of analogue electronics may derive from more general pedagogic 
considerations, it is only if the necessary components mentioned above are well 
developed, and sufficient supportive elements are present, that students will report 
substantial satisfaction with their learning experience and therefore find it relatively 
easy to develop genuine understanding. 
 
2.2.1.1.3 Characteristics of Good Teaching Practice 
 
Recognising that the teaching of a particular subject necessitates particular skills that 
may depend on its nature, one is led to think of ways that might help the student reach 
the desired levels of performance. Felder and Brent mention the desired shift of 
students’ intellectual development from a state of ‘ignorant certainty’ to one of 
‘intelligent confusion’ (Felder and Brent, 2005, p.65). They also cite research that failed 
to elevate a significant number of students to the highest levels of development during 
the extent of their courses, although different instructional approaches were adopted. A 
condition necessary for the promotion of intellectual development was deemed to be 
that which challenges the beliefs that characterize students’ current developmental 
levels, and in Vygotsky’s terms, puts them just slightly out of their zone of proximal 
development (ibid., p.67). The best instructional conditions are those which provide a 
balance between challenge and support. 
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Both Felder and Brent (op. cit.), and reports from the ETL project (Entwistle et al., 
2005b; Entwistle et al., 2005c; Entwistle, 2005a, 2005b, 2006) suggest ways in which 
teaching could be designed to achieve this balance. A high level of importance was 
given to methods of teaching that celebrated as wide a spectrum of learning styles as 
was possible, provided intellectual challenges and encouraged students to adopt a deep 
approach to studying. Some examples in the teaching of analogue electronics include 
emphasising the links between sub-circuits, getting experts to think aloud while solving 
problems, having group discussions, adopting reflective procedures by the use of a log-
book and others. 
 
These methods of teaching were found to be effective in the studies mentioned, and they 
may all be directly related to students’ cognitive and learning styles. Getting to know 
students’ characteristics in a clear way may well be one step towards designing effective 
teaching methods. 
 
2.2.2 Scientific Explanation and Visualization. 
 
Explanation is a fundamental intellectual construct. An explanation is an account that 
provides a conceptual framework for a given phenomenon. It can influence 
psychological processes such as perception and memory, and normally leads to a feeling 
of understanding in the reader or listener (Brewer et al., 1998). Explanations differ from 
descriptions because whilst explanations answer questions about why something 
behaves the way it does, descriptions simply answer questions about how something 
behaves. Since explanations establish the frameworks for understanding our 
environment, they also act as limiting constraints about what can be explained (Simon, 
1998). 
 
2.2.2.1 Characteristics and Types of Scientific Explanations. 
 
An explanation can be defined as scientific if, apart from providing a feeling of 
understanding, it provides a theoretical framework for a given phenomenon, while 
integrating a range of related phenomena and thus going beyond the initial, original 
phenomenal impetus (Brewer et al., 1998). 
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The main characteristics of scientific explanations, as defined by Friedman (1974), 
Kitcher (1981), Trout (2002) and Lombrozo (2006), is the provision of an objective 
insight which is achieved by systematic means, and which exhibits phenomena as 
manifestations of common structures or processes that are testable. Scientific 
explanation increases our understanding of the world by the assimilation of superficially 
different phenomena to common categories. In reducing the multiplicity of independent 
phenomena by identifying connections, or regular patterns of behaviour, scientific 
explanation increases both the breadth and depth of knowledge, through comprehension 
of a maximum of facts in terms of a minimum of theoretical concepts. 
 
The early but influential account of Hempel and Oppenheim (1948) describes the basic 
pattern of scientific explanation as portrayed in Figure 5. 
 
 
 
 
 
 
 
 
The explanandum, that is, the phenomenon to be explained, is logically and empirically 
deduced from the explanans, a class of adequate statements comprising antecedent 
conditions and general laws which account for the phenomenon. Later, Hempel (1965) 
defines two types of scientific explanations: the deductive-nomological type and the 
probabilistic-statistical type. The deductive-nomological type of explanations are 
strictly universal, that is, they assert that, in all cases in which certain specified 
conditions are realized, occurrence of a phenomenon will result. In contrast, the  
probabilistic-statistical type of explanations are assertions to the effect that, if certain 
specified conditions are realized, then the phenomenon will occur with so much 
statistical probability. 
 
Whichever type of scientific explanation is considered more suitable in a particular 
situation, its explanatory power is usually related to the specification of causal 
knowledge related to the phenomenon to be explained. Indeed, psychological evidence 
Figure 5: The basic pattern of scientific explanation adapted from Hempel and Oppenheim (1948, p.138). 
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supports the predominance of causation in explanation (Hempel, op. cit.; Hesse, 1980; 
Simon et al., 1981; Lombrozo, 2006). 
 
Scientific explanations foster generalization while accommodating novel information in 
the context of prior beliefs. When generated from false beliefs, explanations can 
perpetuate inaccuracy. However, if identification of relevant properties of the explanans 
generates true and well-understood beliefs, explanations exclude possibilities 
inconsistent with such beliefs and can constrain reasoning whilst also providing a basis 
for generalization in novel cases. 
 
Thus explanations can lead reasoners to override the influence of familiarity or 
similarity by extending explanatory principles rather than superficial ones, which may 
simply ‘feel right’ because they are familiar or similar to known cases. Although the 
sense of understanding in terms of familiarity or similarity instils confidence, 
nevertheless, confidence is notoriously not an indicator of truth. Central to explanation 
is a genuine understanding which is more of a reconstructive process, whereby 
individuals are able to piece together bits of information possessed cognitively. To 
foster generalization, explanations which may be difficult to understand, but which offer 
greater accuracy, are preferred to those which merely instil a sense of understanding, 
since only the former is considered to be related to the real world in a way that is 
conducive to the success of science (Trout, 2002). 
 
2.2.2.2 Visualization 
 
The previous sections have outlined the properties of scientific explanations, and how 
one important feature of explanation is understanding, which depends on knowledge 
and belief. According to Johnson-Laird, a measure of understanding a phenomenon 
involves knowing: 
 
‘what causes it, what results from it, how to influence, control, instantiate or prevent it, 
how it relates to other states of affairs or how it resembles them, how to predict its onset 
and course, and what its internal or underlying structure is.’ (Johnson-Laird, 1983, p.2) 
 
Literature Review  Page 55 
This is supported by Kolari and Savander-Ranne (2004) who state that, in 
understanding, the nature of knowledge and the pattern of associations between its 
elements is most important, and therefore merely measuring the amount of knowledge is 
insufficient when seeking to estimate understanding. 
 
Visualization is an efficient tool for aiding understanding. Section 2.1.3.2 has presented 
external representations as one form of visualization. In this section, the process of 
visualization is considered more broadly. Since visualization may consist of both 
internal mental processes as well as external ones (Gobert, 2007), this section starts by 
briefly presenting the possible forms of mental representations and highlights which 
forms are considered more prominent in the scientific and engineering domains. It then 
presents mental models outlining their features, types and possible representations. 
Lastly, it suggests some design principles for the creation of effective visualizations. 
 
2.2.2.2.1 Defining Visualization. 
 
Tufte uses the word ‘visualization’ in the context of external representations to mean the 
systematic and focused visual display of information in the form of tables, diagrams, 
and graphs (Tufte, 2001, cited in; Gilbert, 2007, p.9). Pinker (1997, p.213) quotes David 
Marr, who defines visualization as ‘a process that produces, from images of the external 
world, a description that is useful to the viewer and not cluttered with irrelevant 
information’. Such authors are concerned with the reception and processing of that 
information by the brain (Gilbert, 2007). This section presents the main arguments of 
the latter perspective before exploring design principles for use in visualization by 
external representations, notably by way of analogy. 
 
2.2.2.2.2 Forms of Mental Representation. 
 
Two main schools of thought exist, to describe the different forms that mental 
representations might take: (a) that information is stored as mental imagery or, (b) that 
information is stored in the form of propositions (Matlin, 2005). Theorists like Kosslyn 
(1975), Kosslyn and Pomerantz (1977), and Kosslyn et al. (2001), in favour of mental 
representation as imagery, argue that information is stored in what is called an analog 
code, a representation that closely resembles the physical object and is close to the 
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product of perception. Contrary to this argument, there are theorists like Pylyshyn 
(1973, 2003) who argue for a propositional code which is not analogous to the structure 
of the objects it represents, but expresses precise relations between entities and is 
abstract and language-like rather than visual or spatial. 
 
In the field of science and engineering, it seems clear that the preferred perspective 
points towards mental imagery as the form of mental representations suitable for the 
nature of that knowledge (Clement, 2008, 2009; Ferguson, 1977, 1992; Kolari and 
Savander-Ranne, 2004). Indeed, within the context of engineering education, 
visualization is defined by Kolari and Savander-Ranne as the formation of a mental 
picture or a model. Ferguson claims that technological thinking has a significant 
intellectual component that is non-literary and which cannot be reduced to unambiguous 
verbal descriptions but is dealt with mentally by visual, nonverbal processes. He goes 
on to claim that visual thinking is essential to engineering and technology, because a 
major portion of information in these fields is recorded and transmitted in a visual 
language which permits its readers to visualize forms and establish proportions and 
interrelationships of elements that make up an object. Indeed, visual thinking is 
considered the ‘lingua franca’ of engineers and scientists (Ferguson, 1992, p.41). It is 
essential for individuals training for such professions to have the ability to engage in 
such visual thinking, allowing them to navigate within and between modes of 
representation, and to possess what Gilbert (2007, pp.15-18) defines as ‘meta-visual 
capability’. Scientists and technologists of the calibre of Watson and Crick, Einstein, 
Faraday, Maxwell, Kelvin, and Kekule’ have all reported use of visual thinking in 
relation to their important discoveries (Pinker, 1997). 
 
In the technological sense, therefore, visualization can be seen as that process which 
provides the relevant representations which assist a learner in his cognitive processes. It 
is used to interpret concepts and processes, or to elucidate abstractions and explain 
connections in between forms of knowledge. 
 
2.2.2.2.3 Visual Perception and Visual Imagery. 
 
At this point it is considered useful to mark the difference between visual perception 
and visual imagery. According to Reisberg (1997), Kosslyn (1980), and Reisberg et al. 
Literature Review  Page 57 
(2003), visual perception is the image of an object that is achieved when and as the 
object is seen or heard by sensory organs such as the eyes and ears. On the other hand, 
visual imagery is the mental production of an image of an object in the absence of the 
object. Although the term imagery is usually associated with visual processes, imagery 
can take auditory or motor forms. It is mental imagery which gives rise to experiences 
of ‘seeing with the mind’s eye’ or, ‘hearing with the mind’s ear’. There can be situations 
where the products of visual perception and visual imagery can interfere with each other 
(Matlin, 2005). 
 
2.2.2.2.4 Mental Models. 
 
The notion of visual mental imagery gives rise to the notion of mental models. This 
section aims to consider the current understanding of mental models and outline some 
of their properties and forms. There are two varieties of mental models: those that are of 
a transitory nature, used and easily forgotten, as discussed by Johnson-Laird (1983); and 
those which are more stable and specific, discussed by Gentner and Stevens (1983). The 
latter variety is more relevant for the work presented in this research, and discussions in 
this work focus more on such stable, specific models. Norman (1983) defines mental 
models as reflections of a person’s beliefs about a system, acquired through 
observation, instruction or inference. It is, in essence, a representative sample taken 
from the set of possible models satisfying the description of a system (Johnson-Laird, 
op. cit.). Johnson-Laird refers to Craik’s thesis about models needing a similar relation-
structure to that of the process they imitate (Johnson-Laird, 1983, pp.2-3). People form 
mental models of themselves and of physical systems when they interact with their 
environments and with other people. Stored internally in the mind, mental models 
provide a convenient portable ‘small-scale model’ of external reality, which enables an 
individual to make inferences and predictions, and to control the execution of events by 
proxy. Mental models are considered superior to simulations, in that these merely 
mimic a phenomenon, while a mental model can predict and provide an explanation of 
the phenomenon, without necessarily being wholly accurate, complete, scientific or 
complex. The crucial aspect of mental models is their functional role and organization. 
Mental models can take varied forms. They might serve the purpose of representation of 
spatial relations between entities, or representation of temporal or causal relations 
between events. 
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Whatever the form or purpose of mental models, peoples’ conception of the world is a 
function of their ability to construct models of it using the human conceptual apparatus. 
The nature of the mind and its perceptual system exert a potent, decisive force on the 
way the world is perceived. Johnson-Laird identifies a difference between (a) 
‘conceptual models’ which are devised by teachers, designers, scientists and engineers 
as tools for understanding, and are expected to be appropriate, consistent, accurate and 
complete, and (b) ‘mental models’, which are ‘what people really have in their heads’, 
and what guides them in their thinking. He warns that peoples’ mental models are apt to 
be deficient in a number of ways and that the role of designers, teachers, scientists and 
engineers is to develop conceptual models that aid users to develop mental models 
which are more adequate, coherent and usable. Public expression and common use of 
such conceptual models gives rise to consensus models, which can be termed 
‘scientific’ when used by scientists and are satisfactorily explanatory of phenomena, or 
referred to as ‘curricular’ when they are especially developed as teaching aids to support 
the learning of a particular domain. Mental models can serve some of the purposes 
listed below by Johnson-Laird (ibid.): 
 
1. To provide static relational information between entities with or without a 
dimensional frame of reference: spatial model and relational model. 
2. To provide a sequence of spatial frames that occur in temporal order: temporal 
model. 
3. To provide representation of changes and movements of entities with no 
temporal discontinuities: kinematic model. 
4. To provide causal relations in addition to representation of changes and 
movements of entities with no temporal discontinuities: dynamic model. 
 
Each of the purposes listed above can in turn be represented in the modes listed below 
by Gilbert (2007): 
 
1. A concrete mode, in which the model is made of resistant materials and usually 
presented in three dimensions. 
2. A verbal mode, in which the model is presented as spoken or written words. 
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3. A symbolic mode, in which the model consists of symbols, formulas or 
mathematical expressions. 
4. A visual mode, in which the model is represented in terms of two dimensional or 
three dimensional diagrams, graphs and animations. 
5. A gestural mode, in which the model makes use of movements by the human 
body or parts thereof. 
 
Within all purposes and modes of representation, the distinction between models, 
according to Young (1983), is their position on a dimension of assimilation – 
accommodation whereby models at the assimilatory end tap on users’ familiarity with 
other systems, whereas models at the accomodatory end emphasize more an 
understanding of a system in its own right. Mental models usually link with the notion 
of using analogies to further aid understanding and explanation. The characteristics of 
analogy are described next, in Section 2.2.2.2.5. 
 
2.2.2.2.5 Analogy. 
 
Analogy is considered to be one type of user conceptual model (Young, 1983). Analogy 
is considered to be at the very core of cognition. The ability to pick out patterns, to 
identify recurrences of these patterns despite variation in the composing elements, to 
form concepts that abstract and reify these patterns, and to express these concepts in 
language, is one fundamental, human, cognitive achievement (Hofstadter, 2001; 
Holyoak et al., 2001). 
 
An analogy is a comparison in which relations between objects can be mapped from one 
system to another, but relatively few, or no, object attributes can be mapped likewise 
(Gentner, 1983). Whilst common relations are essential to analogy, common objects are 
not (Gentner and Markman, 1997). In its most general sense, analogy is the ability to 
think about relational patterns and transfer knowledge from one situation to another by 
finding a set of correspondences between aspects of one body of knowledge and another 
(Holyoak et al., op. cit.; Gick and Holyoak, 1983). Since mental representations are 
structured, the comparison process operates to align or map these structures (Gentner, 
op. cit.; Holyoak and Thagard, 1989; Gentner and Markman, op. cit.; Markman and 
Gentner, 2000; Holyoak et al., op. cit.). While Gentner emphasizes structural constraints 
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for analogy, Holyoak and Thagard maintain that semantic and pragmatic constraints 
should also be taken into account because the analogist uses knowledge about the 
intended purpose of the analogy to direct the mapping process. 
 
Analogy thus consists of an organized system of relations whose defining characteristic 
involves an alignment of relational structure (Gick and Holyoak, 1980; Gentner and 
Markman, op. cit.). Analogy is also an assertion that a relational structure that normally 
applies in one domain can be applied to another domain. The strength of an analogical 
map does not depend on the degree of featural overlap but on the semantic 
commonalities between the relations in the two domains being compared (Gentner, op. 
cit.; Markman and Gentner, op. cit.; Gick and Holyoak, op. cit.). An analogy may be 
defined at multiple levels of abstraction and is dictated by its function, although a good 
analogy is normally expected to hold in different situations (Gick and Holyoak, op. cit.). 
 
The analogical models used in the study of science and technology can be characterized 
as structure-mappings between complex systems which lead to discovery and 
conceptual change (Gentner and Gentner, 1983; Hesse, 1966). Analogies serve to 
highlight commonalities, to project inferences and to suggest new methods of 
representation of domains. These properties are crucial in allowing useful transfer of 
knowledge, and the formation of general schemas whose quality is highly predictive of 
the success of transfer performance (Holyoak and Thagard, op. cit.; Gick and Holyoak, 
op. cit.). Since the successful transfer of learning generally involves the overcoming of 
contextual barriers, analogy can be one way of providing the seed of formation of new 
relational categories (Gick and Holyoak, 1980; Gick and Holyoak, 1983). Nevertheless, 
analogy may prove useless if it fails to support the inferences that the user needs to 
make (Kieras, 1988). 
 
2.2.3 The Process of Learning, the Structure of Cognitive Frameworks and 
Individual Differences. 
 
2.2.3.1 The Process of Learning 
 
The complexity of the human cognitive system suggests that there may be many ways 
in which such a system may be modified, and therefore it is realistic to assume that 
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there may be many theories of learning, and not just one. In any case, when learning 
takes place, certain behaviour is expected. According to Langley and Simon (1981), for 
example, the generation of alternatives and the awareness of causal attribution are two 
conditions, amongst others, which are expected when an individual can be said to have 
learnt something. The ability to generate alternatives involves the ability to think of 
alternative behaviours of a system, when these are not given by a teacher. The 
awareness of causal attribution is the ability to accurately specify components of the 
system which lead to good or bad performance. Knowledge of those components which 
might be a source of error is especially important. 
 
The process of learning inevitably involves change. According to Langley and Simon 
(ibid.) additions to or reorganization of the knowledge base is one way in which 
learning can take place. Some other ways include (a) the augmentation of the 
recognition mechanism as an index to the knowledge base, (b) the modification of 
evaluation functions which are used to guide search strategies and (c) the enrichment of 
the organization of information in memory. In understanding a new task, therefore, a 
person may experience some of the behaviours or changes outlined above, whereby the 
information that is stored in memory may be necessary in subsequent situations that 
may evidence the fact that learning has or has not occurred. 
 
2.2.3.2 Schemata, the Units of Cognition. 
 
The notion of the existence of a cognitive organizational structure originates with Kant,  
who described it as a structure of imagination connecting concepts with percepts 
leading to the formation of mental imagery (Guyer and Wood, 1998; Gardner, 1999). 
This idea was taken up by other researchers later, who contributed to the expansion of 
the concept and definition of what is referred to as a ‘schema’. 
 
Starting with Bartlett, a schema was defined as ‘an active organization of past reactions 
or experiences’ (Bartlett, 1932, cited in; Brewer and Nakamura, 1984, p.3). Most 
pioneering work on the schema theory was conducted from 1975 onwards, with the 
predominant contributions of Bobrow and Norman (1975), Rumelhart and Ortony 
(1977), Rumelhart (1980), Rumelhart et al. (1986), Neisser (1976), Schank and Abelson 
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(1977), amongst other important authors who contributed along the path of artificial 
intelligence, like Minsky (1975). 
 
‘Schemata’, the plural of ‘schema’ are higher-order, unconscious, organized cognitive 
structures and processes which underlie aspects of human knowledge and skill.  They 
organize prior experiences and allow a learner to interpret, to understand, to associate 
and to anticipate the future when faced with new situations (Rumelhart and Ortony, 
1977; Rumelhart, 1980; Rumelhart et al., 1986; Brewer and Nakamura, op. cit.; 
Gureckis and Goldstone, 2010). 
 
Authors may define the nature of schemata in slightly different ways. While some may 
see them as patterns of activation distributed over neuron-like units in a highly 
connected network, others may see them as a coding technique or else as recurrent 
patterns of ordering activities (Rumelhart and Ortony, 1977; Rumelhart, 1980; 
Rumelhart et al., 1986; Johnson, 1987; Thagard, 1990). Schemata are not explicit 
entities. They are implicit in the knowledge base and are instantiated by the interaction 
and systematic modification of old information in order to fit in new information. 
 
2.2.3.2.1 Features of Schemata. 
 
The traditional perspective of schemata views them as multiple, modular cognitive 
domains with different structural characteristics. Typically, schemata feature gaps and 
relational structures which organize these gaps in order to accommodate new 
information into them, whose significance and indexing is usually dependent on a 
current context and perceptual information of a situation (Brewer and Nakamura, 1984; 
Gureckis and Goldstone, 2010).  
 
A more recent perspective of schemata views them as processes that are dependent and 
grounded by properties of the human body and its external environment, that is, more 
dependent on perceptual aspects rather than just on abstract cognitive aspects. This 
gives rise to the notion of ‘embodied cognition’, which makes the argument that just as 
the mind influences bodily actions, in turn, so do bodily actions influence cognition 
(Lakoff and Johnson, 1980; Lakoff, 1987; Johnson, 1987; Barsalou, 1999, p.613; 
Gureckis and Goldstone, op. cit.). Johnson (1989) argues that meaning cannot be 
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separated from the embodied perceptual interactions and movements. What type of 
experiences are possible, the significance of these to the individual, and how the 
individual interprets them, understands them and reasons about them are integrally tied 
and dependent upon the character of the individual’s bodily experience. 
 
Such an argument is reflected in what Lakoff and Johnson (op. cit.), Lakoff (op. cit.), 
Johnson (1987, p.112) call ‘image schema’ or what Barsalou (op. cit., p.581) refers to as 
‘perceptual image systems’. These perceptual symbol systems are defined as being 
grounded in complex simulations of combined physical and introspective events. 
Perceptual symbol systems are neural representations in the various sensory-motor areas 
of the brain and they represent multi-modal, filtered components of perceptual 
experience. According to Barsalou (ibid.), once a perceptual state arises, selective 
attention extracts a subset of the perceptual state and stores it permanently in long-term 
memory. On retrieval, the perceptual memory of the state functions symbolically and 
can be involved in symbol manipulation by standing for referents in the external 
environment. As collections of perceptual memories are amassed, they constitute the 
structures that underlie cognition. Perceptual memories, or symbols, are multi-modal 
and can therefore operate on vision, audition, haptics, olfaction and gustation as well as 
on proprioception and introspection, according to the selection criteria of the focus of 
attention for the perceived experience. Presumably, each symbol mode is stored in its 
respective neurological brain area (Rohrer, 2005). Perceptual symbols become 
organized into what Barsalou (op. cit., p.586) refers to as a ‘simulator’. This simulator 
allows the cognitive system to construct specific simulations of an entity or event in its 
absence, much like the mental imagery and mental models which were discussed in 
Section 2.2.2.2. During a simulation, the processing of information includes not just 
static retrieval, but also transformatory processes such as enlargement, distortion, 
translation and rotation, as well as splitting and merging, all of which can happen in the 
spatial or temporal dimension. 
 
2.2.3.2.2 The Role of Schemata. 
 
The substantive and organizational properties of the cognitive structure crucially affect 
the accuracy and clarity of new meaningful information and its immediate and long-
term retreivability (Ausubel, 1975). Clarity, accuracy, stability and organization of 
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information tend to provide strong anchorage and higher probability of that information 
being available to the learner. In contrast, an incomplete, ambiguous, disorganized and 
unstable cognitive structure does not aid retention and can even inhibit meaningful 
learning (Ausubel, ibid.; Brewer and Nakamura, 1984; Gureckis and Goldstone, 2010). 
Suitable schemata serve various roles as organized cognitive structures. Some of these 
were outlined by Thagard (1990) as being the following: (a) categorization, (b) learning, 
(c) memory, (d) deductive inference, (e) explanation, (f) problem solving, (g) 
generalization, (h) analogical inference, (i) language comprehension, and (j) language 
production. Additionally, Brewer and Nakamura (op. cit.) identified some basic 
memory processes which could operate through schemata as cognitive organizational 
structures. These are listed in Table 6. 
 
Table 6: Roles of schemata, taken from Brewer and Nakamura (1984) 
1 
Schemata could influence the amount of attention allocated to a particular type of 
information, with the assumption that more attention leads to better memory. 
2 
Schemata could operate as a framework in memory that serves to preserve incoming 
information.  
3 
Generic schema information could interact with incoming information to produce a 
memory representation that is a combination of old generic information and new 
information. 
4 
Schemata could serve to guide retrieval processes in order to locate information in 
memory. 
5 
Schemata could operate to influence what retained information a subject chooses to 
produce in a memory task. 
 
2.2.3.3 Conceptual Change. 
 
This section revisits the process of learning in terms of modifications in cognitive 
structures of the mind. Rumelhart and Norman (1981), Thagard (1990), and Vosniadou 
(1994) all support Langley and Simon (1981) in their view about how conceptual 
change may come about. Basically, for these authors, conceptual change can occur on a 
variety of levels, starting from the most rudimentary such as the addition of new 
information in terms of relevant pre-existing schemata, or else as difficult and effortful 
as the revision or restructuring of entirely new schemata. According to Ausubel (1975), 
pedagogically, such modifications to cognitive structure can be accomplished by 
manipulations of content and sequence. Thus, substantitavley, the use of unifying 
concepts that have the widest explanatory power, inclusiveness and generalizability aid 
in the modification of cognitive structures for conceptual change. Besides this, the 
employment of programmatic principles that logically sequence, order or categorize the 
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subject matter of a discipline also helps the modification of schemata with the aim of 
conceptual change. The strategic shaping of the learner’s cognitive structure, by 
manipulations of content, its representation and its arrangement, facilitates subsequent 
learning experiences and the transfer of knowledge. 
 
2.2.3.4 The Characteristics of Experts and Novices. 
 
A number of studies which have adopted a relative approach for comparing experts’ to 
novices’ performance exist in the domains of physics, mathematics, computer 
programming and design (Chi et al., 1981; Larkin et al., 1980; Schoenfeld and 
Herrmann, 1982; Novick, 1988; Adelson, 1984). These studies have reported about how 
the performance of experts has differed from that of novices in respective domain 
problems given, and have extracted general features of expert behaviour versus novice 
behaviour. All the studies cited have assumed that experts are not only people who have 
acquired more knowledge in a particular domain, but also whose knowledge is 
organized or represented differently from that of novices. 
 
According to Chi (2006), Larkin (1980), Glaser and Chi (1988) and Posner (1988), 
experts have intuition, that is, knowledge that enables them to generate a fast, accurate 
and good response to problems, with an effortless, sometimes even unconscious, search 
into the problem space. Experts perceive problems by means of a deep, abstract 
solution-oriented structure. In contrast, novices usually perceive problems by means of 
a superficial, surface-feature structure. For experts, it is more important to determine 
relations between variables in a problem rather than give importance to what the 
variables stand for (Schoenfeld and Herrmann, op. cit.; Adelson, op. cit.; Novick, op. 
cit.; Glaser and Chi, op. cit.; Glaser, 1989; Casakin and Goldschmidt, 1999). 
 
When categorizing problems, experts and novices index the type of problem differently. 
The categories in which they sort problems are qualitatively different, and researchers 
such as Chi et al. (1981) postulate that experts and novices contain different knowledge 
in their schemata, with the claim that experts’ representation is superior to that of 
novices because it contains greater qualitative knowledge. Experts use a majority of 
problem-solving time in qualitative analysis prior to the execution of solution 
procedures. During this time they build qualitative mental representations of the 
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problem (Glaser and Chi, op. cit.; Glaser, op. cit.; Casakin and Goldschmidt, op. cit.). 
Experts are able to infer additional relations, called second-order information, for the 
problem, features such as states and conditions not explicitly stated in the formulation 
of a problem. These second order features are almost never mentioned by novices 
(Larkin et al., op. cit.; Chi et al., 1988; Glaser, op. cit.). According to Mervis et al. 
(1993), experts can also notice and base their solutions on subtle perceptual attributes 
and their correlated functional affordances much more than novices. Indeed, they claim 
that expert performance is rooted in perception and that perceptual features may 
therefore be integral to expert solutions. 
 
Novices tend to perceive variety in problems when these have dissimilar surface 
features. In contrast, experts succeed in transferring and generalizing relevant concepts 
by seeing underlying similarities in a greater number of problems (Chi et al., op. cit.; 
Schoenfeld and Herrmann, op. cit.; Casakin and Goldschmidt, op. cit.). Experts tend to 
reason by analogy and transfer their knowledge across domains by analogical mapping 
(Casakin and Goldschmidt, op. cit.). They can perceive large meaningful patterns, 
called chunks, while doing so. A chunk is defined by Larkin et al. (1980, p.1336) as: 
‘any stimulus that has become familiar from previous repeated exposure and hence is 
recognizable as a single unit’. These chunks, which constitute factual knowledge as 
well as information about actions and strategies, reflect the organization of the 
knowledge base and, with experience, are retrieved from memory rapidly. Gobet et al. 
(2001, p.236) claim that ‘the manner in which chunks are constructed affects the types 
of generalizations made and so predicts typical errors or successes’.  This is supported 
by many studies for the domain of chess playing (Simon and Newell, 1971). A study 
which is particularly relevant for this research was conducted by Egan and Schwartz 
(1979). They investigated the chunking effect in the recall of symbolic drawings in the 
domain of electronics. Their claim is that experts in the domain of electronics were able 
to easily identify circuit configurations and assign verbal labels to these by using the 
structure of the drawing, and by systematically retrieving symbols within the boundaries 
of an electronic, conceptual, functional unit. Novices, on the other hand, tended to use 
spatial proximity in between symbols for recall of the circuit. This did not prove to be 
an efficient strategy for the recall of larger circuits. For Egan and Schwartz (ibid.), but 
also for Chi and his colleagues (op. cit.), once again, the manner in which experts and 
novices executed the given tasks is a representation of the internal schemata possessed. 
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Finally, besides the features already mentioned which differentiate the performance of 
experts from that of novices for given tasks, all authors agree that experts have strong 
self-monitoring skills. These make them more aware than novices when judging 
problem difficulty, when approportioning time for problem-solving tasks, when to ask 
questions, when they make mistakes, when they do not understand and when they need 
to check their solutions (Glaser and Chi, op. cit.; Glaser, op. cit.). Glaser (op. cit.) 
claims that novices may not make such elaborations because they do not detect their 
comprehension failures and therefore they only think they understand. 
 
2.2.3.5 Learning Styles. 
 
The literature presented as yet has taken into account the nature of the domain of 
electrical topics, the characteristics of scientific explanations, the importance of 
visualization, the learning process in general and that of experts and novices, but has 
had nothing to say about individual style differences pertaining to the learning process. 
These styles may be just as significant as all the other variables mentioned in the 
literature so far, and are therefore the aspect which will be dealt with briefly in this 
section. 
 
2.2.3.5.1 Learning Styles. 
 
Interest in learning style models as applied to education grew to a point whereby there 
existed a ‘bewildering confusion of definitions’ surrounding their conceptualization 
(Curry, 1983, p.1). Consequently, the need for organizing the wide variation of models 
was encouraged and initiated by Curry. Curry suggested that the organisation of 
learning style models is stratified and could be pictured as the different layers of an 
onion as shown in Figure 6.  
 
 
 
 
 
 
Figure 6: Organization of learning style models as suggested by Curry (1983). 
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By means of this organisation, ‘learning behaviour may be fundamentally controlled by 
the central personality dimensions, translated through middle strata information 
processing dimensions and given a final twist by interaction with environmental factors 
encountered in the outer strata’ (Curry, 1983, p.7). This categorisation has proved to be 
a convenient way of cataloguing various models that were proposed later on. Cassidy 
(2004) and Coffield et al. (2004a) provide a more recent taxonomy of the various 
learning style models that emerged as research progressed into this field, while also 
highlighting recommendations for their use in practice (Coffield et al., 2004b). 
 
Learning styles are taken to characterize strengths and preferences in the ways in which 
students take in information (Felder, 1996). They may be easily influenced by external 
factors and may also determine the environment in which an individual chooses to learn 
(Curry, 1983). 
 
2.2.3.5.1.1 The Felder-Silverman Index of Learning Styles. 
 
The Felder-Silverman Index of Learning Styles is a self-report questionnaire that 
assesses students on four dimensions of learning styles (Felder, 1988) as listed in Table 
7. 
 
Table 7: The four dimensions of the Felder-Silverman Index of Learning Styles. 
 
Active  Reflective 
Sensing  Intuitive 
Visual  Verbal 
Sequential  Global 
 
Each row in Table 7 represents a continuum between the extreme ends of the 
dimensions. According to Felder, being an active learner involves doing something with 
information that is presented, such as, discussing it, explaining it, and testing it. A 
reflective learner, on the other hand, would examine and manipulate the information 
introspectively. Felder comments that both active and reflective learners may not learn 
much in situations that require them to take on a differing learning style to their own. 
This concords with what Hayes and Allison (1996) proposed, although these authors 
failed to find enough empirical research to confirm ‘the matching hypothesis’. 
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Felder continues to explain that sensors are those students who like concrete 
information such as facts, data and experimental results. Conversely, intuitors are 
people who prefer theories and principles, are more abstract, and can work more 
comfortably with symbols. Felder noticed that most engineering courses emphasize 
concepts rather than facts, and primarily use symbols to transmit information and 
therefore favour intuitive learners. He also discerns a mismatch between the mode of 
delivery of traditional lectures and the Visual-Verbal dimension for engineering 
students. Visual students are those that remember best what they see, that is pictures, 
diagrams, charts, time lines, or demonstrations. Auditory learners recall most of what 
they hear and say, and benefit most through discussion. Felder states that whilst most 
people of college age are visual, most college teaching is verbal, and therefore a 
significant learning / teaching style mismatch exists across this dimension. 
 
The last dimension considered by Felder is the Sequential-Global continuum. He argues 
that sequential learners tend to follow a linear reasoning process and are strong in 
convergent thinking. Global learners, on the other hand, usually take on a wider picture, 
and characteristically take large intuitive leaps. So much so, that sometimes they are 
unable to explain how they came up with a solution. These people are usually better at 
divergent thinking and synthesis processes and usually prefer to take on a 
multidisciplinary approach that creates connections in between topics.  
 
2.2.3.5.1.2 Engineering Students’ Learning Styles. 
 
Felder and Brent (2005) report that some engineering lecturers believe that many 
dropouts of engineering courses are weak students who are unsuited to become 
engineers. In a similar fashion to Cassidy (2004), Riding and Rayner (1998) and Felder 
and Brent (op. cit.) have identified categories related to students’ learning styles, to 
students’ approaches to learning, and to students’ intellectual levels of development; all 
of which diversify learners, and have been shown to have important implications for 
teaching. Felder and Brent (ibid.) admit that although completely individualised 
instruction may seem daunting and impractical to lecturers, it is equally misguided to 
imagine that a one-size-fits-all approach to teaching can meet the needs of every 
student. Indeed, a more balanced approach that attempts to accommodate the diverse 
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needs of the students in a class, at least some of the time, is the best an instructor can 
aspire to. Felder and Brent (ibid.) suggest that the goal of instruction should be to equip 
students with the skills associated with every learning style irrespective of their 
preferences, since they will need all of those skills to function effectively as 
professionals. They also suggest that instruction should induce students to adopt a deep 
approach and to acknowledge the uncertainty and contextual nature of knowledge. The 
aims of instruction should also be to encourage students to accept personal 
responsibility for determining truth, gathering supporting evidence before making 
judgements, and to be open to change in the face of new forthcoming evidence. Felder 
and Brent (ibid.) emphasize that instruction that is designed to address a broad spectrum 
of learning styles has consistently proved to be more effective than traditional 
instruction which focuses only on a narrow range of styles. These authors then proceed 
to identify common characteristic traits of the engineering student as regards learning 
styles, approaches to learning and intellectual development, each of which is determined 
by its most appropriate instrument of measurement and respective model. They 
conclude their work by suggesting that research proceeds according to the columns of 
Table 8. The rows of Table 8 list research which has taken up Felder and Brent’s 
suggestions. Such research has provided more information about the Felder-Silverman 
Index of Learning styles as a measuring instrument or has used the FSILS to 
characterize students’ learning styles from diverse domains. 
 
Adopting the Felder-Silverman model as in the work by Felder (1988) and other studies 
as listed in Table 8, it is noted that most engineering education is auditory, abstract 
(intuitive), deductive, passive and sequential while most engineering students may be 
visual, sensing, inductive and active, with some of the most creative students being 
global learners. In additional support of their main argument on the existence of styles, 
Felder and Brent (op. cit.), Pask (1976), and Hayes and Allinson (1996) suggest that 
greater learning may occur when teaching styles match students’ learning styles rather 
than when they are mismatched, even though empirical evidence to support this may be 
hard to come by. 
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Table 8: A list of research, tackling aspects of the Felder-Silverman Index of Learning Styles Questionnaire 
and its use in pedagogical practice. 
 Validating the  
Felder-
Silverman Index 
of Learning 
Styles as a 
suitable  
instrument 
Characterizing 
Students (type of 
student 
mentioned within 
studies listed) 
Establishing 
Correlations 
Evaluating the 
effectiveness of 
instructional 
methods and 
programs 
(Felder and Spurlin, 
2005) 
    
(Engineering, 
Business, 
Sciences, 
Humanities) 
  
(Van Zwanenberg et 
al., 2000) 
      
(FSILS and LSQ) 
 
(Zywno, 2003)     
(Engineering 
students and 
professors) 
  
(Cook and Smith, 
2006) 
    
(Medical) 
  
(Litzinger et al., 
2005) 
    
(Engineering, 
Liberal Arts, 
Education) 
  
(Litzinger et al., 
2007) 
    
(Engineering, 
Liberal Arts, 
Education) 
  
(Hosford and Siders, 
2010) 
    
(Medical) 
  
(Felkel and Gosky, 
n.d.) 
   
(Business) 
  
(Viola et al., 2006)      
(Ültanir et al., 2012)     
(Natural Sciences, 
Health Sciences, 
Social Sciences) 
  
(Kuri and Truzzi, 
2002) 
   
(Engineering) 
  
(Kolmos and 
Holgaard, 2008) 
   
(Engineering, 
Science) 
  
 
 
2.2.3.5.2 The Validity and Reliability of the Felder-Silverman Index of Learning 
Styles as a Measuring Instrument. 
 
For researchers to gain confidence in any type of model, the latter must pass validity 
and reliability tests successfully. Although learning style models contribute towards a 
more comprehensive view of learning styles, not all of them have been found to be 
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completely valid and reliable. Coffield et al. (2004a), Cassidy (2004), Riding and 
Rayner (1998), Riding and Cheema (1991) and Curry (1983) provide good guidance as 
regards which of the learning style models is mostly supported by strong empirical 
evidence, and therefore considered valid and reliable. The Felder-Silverman Index of 
Learning styles was originally designed and developed for engineering students, and is 
popular with the engineering community (Van Zwanenberg et al., 2000). This 
instrument proves to be both reliable and valid (Litzinger et al., 2007, 2005; Felder and 
Spurlin, 2005) and is therefore a good tool for measuring students’ learning styles.  
Studies listed in Table 8 have validated the FSILS by means of data-driven statistical 
methods for test-retest reliability, internal consistency and construct validity. These 
studies report that the FSILS provides relatively stable measurement of the Active-
Reflective and Sensing-Intuitive dimensions, but is considered weaker in the 
measurement of the Visual-Verbal and Sequential-Global dimensions. For engineering 
students, studies in Table 8 concurred in reporting a learning style profile with Active, 
Sensing, Visual and Sequential dimensions. The advantages of the FSILS over other 
instruments are summarized by Hosford and Siders (2010) and also by Zywno (2003) 
when they state that the FSILS provides: 
 
1. Ease of access since the online version of the instrument is available without 
charge. 
2. Ease of administration since it typically takes twenty minutes or less to 
complete. 
3. Clarity of wording, which may explain its popularity. 
4. Ease of scoring since the online version is automatically scored, while manual 
scoring is fully explained, is easy and takes very little time. 
5. Ease of interpreting the results since the scores are converted to categories of 
learning style preferences in a straightforward way. 
 
Based on the outcomes of reliability and validity tests, and considering the advantages 
listed, the studies in Table 8 also concur in classifying the FSILS as the most 
appropriate learning style instrument to use with engineering students. This research has 
therefore followed suit regarding the selection of a learning style measuring instrument. 
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2.2.4 Expectations and Typical Behaviours. 
 
2.2.4.1 Expectations - Advanced Knowledge Acquisition and Cognitive flexibility. 
 
When the level of knowledge in a domain goes beyond an introductory stage but still 
falls short of the status of expert knowledge, it can be referred to as advanced 
knowledge. The acquisition of this level of knowledge involves the mastery of 
conceptual complexities together with their application or transfer (Spiro et al., 1987; 
Spiro et al., 1988a). This is usually the kind of knowledge required at university. 
 
At this stage, knowledge can be regarded as a complex landscape which needs to be 
traversed in a multiple of ways. Deep knowledge about the landscape would not only 
involve knowledge about its multifacetedness, its variability and irregularities, but also 
how these are connected in multiple ways, which multiple entry routes may be possible 
for the retrieval of desired information, and how the landscape might connect to other 
disconnected landscapes. 
 
Spiro and his colleagues express clear and strong opinions about what are the 
expectations to aim for when claiming an advanced stage of knowledge acquisition. 
They state that: 
 
‘learning criteria should no longer involve the demonstration of a superficial familiarity 
with subject matter and the memorization of some definitions and facts. Instead, at these 
more advanced stages, a learner should be required to get ideas right (even if that is 
hard to do) and to be able to appropriately apply those ideas (even if there are no 
simple formulas that they can memorize for doing so). If extra difficulty and confusion 
are the price of this shift in criteria, that is unfortunate but not an excuse for 
oversimplifying instruction. Ways must be found to reduce the difficulties of the learner 
as much as possible, without sacrificing the integrity of the subject matter being 
learned’ (Spiro et al., 1987, p.11). 
 
He thus coins the term ‘cognitive flexibility’ (ibid., p.2), deemed an essential skill for 
knowledge transfer in complex and ill-structured domains. According to Spiro, being 
cognitively flexible means having a diversified repertoire of ways of thinking about a 
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conceptual topic, such that one is able to assemble a situation-sensitive schema from 
relevant knowledge fragments, rather than be dependent on the retrieval of pre-
compiled schemata. He suggests that approaches which foster cognitive flexibility 
possess the following features: 
 
1. They promote multiple interconnectedness between different aspects of domain 
knowledge. 
2. They present many perspectives of the representation of domain knowledge with 
multiple analogies being especially useful. 
3. They encourage the adaptive assembly of diverse knowledge sources, rather than 
searches for already existing schemata. 
 
2.2.4.2 Participant Typical Behaviours when Tackling Transfer of Knowledge 
Tasks. 
 
Knowledge transfer is said to occur when knowledge that is learned within a particular 
context is carried over to a new situation (Perkins and Salomon, 1992, 1989). Knowing 
what to aim for when facing the task of promoting knowledge transfer in complex 
domains helps, but it is well documented that knowledge transfer does not come about 
without known hurdles.  
 
It is worth mentioning that a number of studies suggest that knowledge transfer does not 
come about easily or spontaneously (Perkins and Salomon, 1992). Bransford and 
Schwartz (1999) and Schwartz et al. (2005) suggest that one of the reasons for this 
outcome is that a traditional methodological approach towards the measurement of 
transfer is at fault. They point out that in experimental studies about knowledge transfer, 
a common methodology for testing was to sequester subjects, without offering them 
helpful learning aids or opportunities for feedback or revision about the problem solving 
process, during the test conditions. They suggest that a methodological shift towards 
assessment of people’s abilities to learn in knowledge-rich environments could yield 
measurement outcomes that evidence more positively the transfer of knowledge. The 
research about knowledge transfer referred to in this study (Gick and Holyoak, 1980; 
Glaser, 1984; Spiro et al., 1987; Spiro et al., 1988a; Spiro et al., 1988b; Perkins and 
Salomon, 1988; Perkins and Salomon, 1989, 1992; Reder et al., 1996; Simons, 1999; 
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Bransford and Schwartz, 1999; Barnett and Ceci, 2002; Schwartz et al., 2005), presents 
typical behaviours of subjects when these are faced with a transfer problem. A non-
comprehensive list of such typical behaviours may be found in Table 9. 
 
Table 9: A list of typical, undesirable behaviours which occur when subjects are faced with knowledge transfer 
tasks (Gick and Holyoak, 1980; Glaser, 1984; Spiro et al., 1987; Spiro et al., 1988a; Spiro et al., 1988b; Perkins 
and Salomon, 1988; Reder et al., 1996; Simons, 1999). 
1 Overgeneralization or the tendency to consider subject matter areas to be more similar than 
they really are. 
2 Dysfunctional bias or the tendency to represent dynamic processes more statically. 
3 Rigid and compartmentalized knowledge contextually welded to the circumstances of 
acquisition. 
4 Overreliance on a single mental representation. 
5 Encoding of knowledge under a scheme determined by external authority. 
6 Overextended application of analogies. 
7 Failure to observe and use all relevant facts. 
8 Failure to approach a problem systematically. 
9 Partial analysis or jumping to conclusions. 
10 Dilemmas on how to include the influence of tacit knowledge. 
11 Difficulty in recognizing the conditions which categorize problems. 
 
Similarly to the discussion in Section 2.2.4.1, the authors of these studies suggest that 
the incidence of typical, undesirable behaviour in the face of knowledge transfer 
problems can be reduced through a style of tuition which includes the following 
features: 
 
1. Learning with understanding and not through mimicking sets of procedures. 
2. Adopting multiple contexts or perspectives to present or analyze a problem. 
3. Fostering practice in choosing or developing appropriate problem 
representations. 
4. Directing attention towards cues that signal the relevance of knowledge packets 
or skills. 
5. Measuring transfer of knowledge in terms of a methodology that puts emphasis 
on people’s preparation for future learning rather than on the direct application 
of knowledge learnt. 
 
These significant guidelines were predominantly kept in mind throughout the design 
and implementation of this research. 
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3 Methodology 
 
3.1 General Description. 
 
A mixed method approach, as defined by Johnson et al. (2007), was used in this 
research to plan the methodology for the data gathering process. As illustrated by Figure 
7, the main data collection method was the structured interview. 
 
 
Figure 7: Outline of the data-gathering process. 
 
Within the interview, a test was used and observations were collected. Bearing in mind 
that any Maltese sample would be relatively small, the interview was chosen as the 
primary instrument of measurment because it provides the opportunity to prolong the 
interaction with the participant and therefore offers a greater yield toward the richness 
of data and participant response rate. Interviews have a high response rate because the 
respondents become more involved and motivated (Cohen et al., 2000). As suggested by 
Cohen et al. (ibid.), the interview  discussion served as an exploratory device to help 
identify what relationships to look for. Each participant was engaged in a discussion 
averaging four hours. This enabled hypotheses to be formed about relations which 
would be further tested by the outcome of a quantitative analysis generated from the 
test. The discussion conducted during the interview was led by the questions presented 
in the test. These were closed questions, requiring factual answers and not opinions, and 
concerned the topic of resistor-capacitor circuits.  Figure 8 lists five continua developed 
by Morrison (1993, cited in; Cohen et al., 2000, p.270), which led the researcher to 
design the data gathering methods as explained above. The five continua describe 
features which characterize the nature of research methods that could be selected. The 
markers indicate the elements selected for this study by considering the main structured 
interview as being made up of two types of measuring instrument: a) a qualitative 
Structured 
Interview 
Verbal 
Discussion 
Observations Test 
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verbal discussion, and b) a quantitative test. The discussion was aimed at being 
exploratory, allowing both researcher and participant to have maximum flexibility to 
probe issues as deeply as possible. The test was aimed at providing an objective 
measuring instrument which would lead the discussion and provide statistical analysis. 
The intention in using this method was such that any disadvantage of interviewer 
subjectivity and bias that could be present during the discussion would be counteracted 
by the greater objectivity which a test can provide. This research design was appropriate 
because the largest fully representative sample which could be accessed, i.e. the 
engineering sample at the University of Malta, numbering seventy-five students, was 
still considered relatively small, for the investigation to be solely founded on a 
questionnaire type of method. 
 
3.1.1 Participants. 
 
This research has involved three groups of participants:  Electrical Engineering Year 1 
(EEY1; N = 38), Electrical Engineering Year 2 (EEY2; N = 37), and Design and 
Technology Post-Graduate teachers (DTPGT; N = 7). Both engineering groups are fully 
representative of their course in the Maltese university undergraduate programme. The 
Design and Technology sample of post-graduate teachers was a convenience sample as 
defined by Cohen et al. (op. cit.), because access to these participants was easy. 
Nevertheless, it is not representative of the D&T post-graduate teachers’ population, 
neither in Malta as a whole, nor in any particular school in Malta. These Engineering 
and D&T groups were selected because the research necessitated individuals who had 
been previously exposed to advanced knowledge, as defined by Spiro et al. (Spiro et al., 
1987) and Spiro et al. (1988a), in the field of electrical circuits, specifically on the topic 
of resistor-capacitor circuits.  
 
This research has not involved students from Physics courses at the University of Malta 
because the abstract, conceptual nature of knowledge within scientific courses is 
different, and addresses different scopes from the conceptual, procedural and at times 
also tacit knowledge within technology courses (McCormick, 1997; de Vries and Tamir, 
1997; de Vries, 2005; Vincenti, 1984; Ihde, 1997; Polanyi, 1962, 1967). Usually, 
technological knowledge is targeted toward direct application, which is what this 
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research investigates. Scientific knowledge on the other hand, can be presented as 
knowledge for its own sake. 
 
Figure 105 and Figure 106 in Appendix R on page 308, map that pre-requisite 
knowledge within the University of Malta Engineering, and Design and Technology 
courses which relates to electrical and electronics knowledge. It can be seen that, for the 
engineering course, the unit with code EPC1101 delivered in the first year, provides 
knowledge pillars for many other courses. For the Design and Technology course, the 
same can be said for the unit with code MST1206 which is also covered during the first 
year of this course. The course descriptions listed in Table 77 and Table 78 in Appendix 
R on page 309 indicate the topics tackled within the course, the period in which they are 
delivered, the teaching methods employed, and the assessment methods used for the 
Engineering, and Design and Technology course modules in Figure 105 and Figure 106. 
Note that the Engineering programme includes two units with codes ENR3008 and 
ENR4200 which engage the students in engineering design. Although ENR4200 is not 
mapped into Figure 105, it is understood that by the fourth year, a student should be 
able to select and use proficiently key concepts for their engineering design project. 
 
It is clear that the thorough understanding of the behaviour of circuits involving 
resistance and capacitance is considered fundamental for both the Engineering course 
and the Design and Technology course. Engineering students in particular, are expected 
to explain the steady-state and transient behaviour of d.c. and a.c. circuits, understand 
the behaviour of resistors, capacitors and inductors and analyze networks comprising 
resistors, capacitors and inductors. The presence of such knowledge at first year, and the 
fan-out of pre-requisite knowledge suggests that knowledge about the steady state and 
transient behaviour of resistor-capacitor circuits may constitute a threshold concept as 
defined by Meyer and Land (2003). 
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3.1.2 Ethics and Accessibility. 
 
Ethical issues were considered when planning the administration of the research method 
and consequent accessibility to the data gathered. In order to access participants from 
the Faculty of Engineering at the University of Malta, permission was sought from the 
Head of Department and respective lecturers. For Year 2 Electrical Engineering, a 
reward-for-participation scheme was negotiated with the Head of Department, since 
students wished to be compensated. For Year 1 Electrical Engineering, the lecturers 
involved did not accept such a reward scheme and participation in this research relied 
Number based quantitative data 
 
Numbers 
Statistics 
Objective facts 
Quantitative data 
Word based qualitative data 
 
Transcripts of conversations 
Comments 
Subjective accounts 
Continuum 1 
An attempt to find regularities in 
responses, in order to begin 
generalizing from the data. 
An attempt to portray and catch 
the uniqueness, quality or 
complexity of a situation. 
Continuum 5 
A desire for formality and the 
precision of numbers and 
prescribed categories of 
response where the researcher 
knows in advance what is being 
sought. 
A more responsive, informal 
intent, where what is being 
sought is more uncertain. The 
researcher goes into the situation 
and responds to what emerges. 
Continuum 4 
A desire to measure responses, 
to compare with one another, to 
correlate responses, to see how 
many people said this, … etc. 
Desire to capture uniqueness of 
particular situation, what makes 
it different from others, to record 
the quality of a situation or 
response. 
Continuum 3 
Closed questions 
Multiple choice questions 
Open-ended questions 
Continuum 2 
Interview Discussions 
 
Test Questions 
Figure 8: Five continua describing the data-gathering process. 
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entirely on the encouragement that the lecturers offered their classes. This still proved to 
be highly successful because the participation of Year 1 Engineering students was 
almost complete. The Design and Technology Postgraduate teachers were asked to 
participate in the research by invitation. All participants were informed about the 
purpose and method of the research, the topic of the research, the number of sessions 
and the expected duration of each, as requested by the University of Malta Research 
Ethics Committee, UREC (2007). 
 
Total accessibility to the raw data and the outcome of its analysis was reserved only for 
the researcher. The Head of Department and engineering lecturers were allowed access 
to processed data which pertained strictly to their own classes. Students were granted 
access to the outcome of the Felder-Silverman Index of Learning Styles questionnaire 
both as individuals and as groups. 
 
3.1.3 Validity of the Study. 
 
The validity of an instrument demonstrates that the instrument indeed measures what it 
purports to measure (Cohen et al., 2000). In qualitative studies, validity is usually seen 
as a matter of degree rather than as an absolute state. In such research, the positivist 
notion of validity is usually replaced by the concept of authenticity, whereby 
understanding one particular, specific scenario in depth is significant. Validity is made 
up of two components: internal validity and external validity. Internal validity seeks to 
demonstrate that the explanation of a particular event or issue which a piece of research 
provides can be sustained by the data. External validity refers to the degree to which the 
results may be generalized to the wider population. 
 
This research has been able to ensure internal validity by managing the extent of 
triangulation, and by careful selection of participants. This research cannot claim to 
have external validity in the wider sense since the work has not been conducted outside 
the Maltese scenario, even though an attempt at this has been made. Nevertheless, if one 
considers that generalization can take different forms, (Ercikan and Roth, 2009), this 
research might claim a degree of external validity for the Maltese scenario if contexts 
similar to the ones tackled in this research are sought, such as for example, Maltese 
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engineering and Design and Technology participants selected from past years or even in 
future.  
 
3.1.4 Reliability of the Study. 
 
Reliability is defined as the consistency and reproducibility of the research outcomes 
over time, using different instruments and with regards to a different group of 
respondents (Cohen et al., 2000). In order to secure a degree of reliability, this research 
has adopted a highly structured interviewing process which posed questions, identical in 
content and format, to each respondent. Within the test method of data collection, the 
measuring instrument made extended use of factual, closed questions in order to 
enhance the reliability of the study. The instrument was piloted carefully before the 
main study was conducted, and the necessary amendments to wording or format were 
made. Furthermore, the interviewer gained experience in the interviewing process by 
going through a self-evaluation exercise after each of the forty-four interviews 
conducted. 
 
3.1.5 Triangulation. 
 
Triangulation may be defined as the use of two or more methods of data collection and 
may take different forms. Figure 9 depicts the types of triangulation used in this 
research. The Electrical Engineering Year 2 cohort and the D&T post-graduate teachers 
cohort were both subjected to individual interviews, while for the Electrical Engineering 
year 1 cohort, data was collected as a group. The same measuring instrument was used 
with these three different cohorts, and different approaches for the collection of data 
were taken within this measuring instrument. 
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Figure 9: The types of triangulation methods used in this research, applied from Cohen et al. (2000). 
 
 
3.2 Data Gathering methods. 
 
3.2.1 The Structured Interview. 
 
The design and reporting of the structured interview followed guidelines given by 
Powney and Watts (1987). Figure 10 and Figure 11 illustrate how the main structured 
interview is divided for the cohorts tackled in this study. 
 
Triangulation Types 
Combined Levels 
Individual interview 
Electrical Engineering 
Year 2 
Design & Technology 
Post-Graduate 
Teachers 
Group sessions 
Electrical Engineering 
Year 1 
Methodological 
Within Methods (using 
the same method for 
different occasions) 
Electrical Engineering 
Year 1, Year 2, Design 
& Technology Post-
Graduate Teachers 
Between Methods 
(using different 
methods on the same 
object of study) 
Verbal discussion, test, 
observation, used 
within the structured 
interview 
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Figure 10: The main divisions of the structured interview for the group sessions. 
 
 
Figure 11: The main divisions of the structured interview for the individual sessions. 
 
For the Electrical Engineering Year 2 and the Design and Technology Post-Graduate 
teachers groups (Figure 11), all data gathering methods were conducted on a one-to-one 
basis with each participant. The Electrical Engineering Year 1 group was considered 
collectively (Figure 10). For all groups, the structured interview was administered in 
two sessions, the pre-test and the post-test, each of a nominal duration of two hours. 
During the pre-test session, participants were first asked to fill in the Felder Silverman 
Index of Learning Styles questionnaire together with their demographical details. They 
were then given the ‘analogy sheet’ (Appendix A), on which they were asked to draw a 
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Learning Styles 
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Teaching Intervention 
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Graduate Teachers 
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Interviews 
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Index of Learning 
Styles 
Analogy Sheet 
Verbal Discussion 
Pre-Test 
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Post-Test Teaching 
Intervention 
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resistor-capacitor circuit using given symbols, in Region 1, and any analogy of a 
capacitor with which they were familiar, in Region 2. This was to be verbally explained. 
Participants were then asked to log on to the virtual learning environment and start 
working on the test questions. Whilst problem-solving the test items, the participants 
were encouraged to think aloud and voice any feelings or comments about the circuits 
in question, especially any difficulties. They were engaged in conversation about the 
test items so as to minimize reactivity effects. They were led into exploring their own 
reactions and possible reasons for them, when particular salient circuits appeared on the 
screen. 
 
The post-test was conducted by first viewing a fifteen minute video which was designed 
to complement other teaching resources as described in Section 3.4. After allowing the 
participant to voice any comments concerning the information provided by the video, 
the teaching intervention was initiated. This lasted approximately twenty minutes for 
each participant. The teaching intervention consisted in reinforcing the concepts which 
were presented in the video with the use of tangible, qualitative resources (Section 3.4). 
The purpose of using these tangible resources was to present an analogy (Section 
3.4.1.1) for the behaviour of a resistor-capacitor circuit in order to get the participant to 
engage in a discussion about the behaviour of all circuits, using this analogy. The design 
concept underlying all tangible resources was the visualization of the voltage potential 
for salient nodes in the circuit, with special focus on both capacitor plates.  
 
Following the teaching intervention, participants were to attempt the questions in the 
post-test. These questions were identical to those presented in the pre-test, with the 
exception of the initial set of questions. This set of questions was omitted from the post-
test because its scope was to provide an initial context to the test and channel the 
participant toward the more challenging questions found later. Throughout the post-test, 
participants were encouraged not only to think aloud, to discuss and voice their feelings 
as before, but also to interact with all the tangible teaching resources at will. At the end 
of the test items, the participants were asked to fill in an evaluation sheet which 
provided specific and global feedback on the teaching intervention and resources.  
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3.2.2 Detailed contents of the pre-test and post-test. 
 
3.2.2.1 The Felder-Silverman Index of Learning Styles Questionnaire. 
 
The questionnaire was administered during the structured interview through the virtual 
learning environment of the University of Malta. The questionnaire items were copied 
tale quale from Solomon and Felder (1988). Participants were instructed to spend the 
first ten minutes of the structured interview filling in the Felder-Silverman Index of 
Learning Styles in the presence of the researcher so that, if the participant deemed 
necessary, the questionnaire items were discussed and clarified. This acted as an ice-
breaker to the remainder of the exercise and enabled the researcher to ensure a common 
understanding of the questionnaire test items by all participants. The scoring of each 
questionnaire was conducted manually. This was straightforward, and simply took a 
couple of minutes for each participant record. All results were then input into SPSS for 
further processing. 
 
3.2.2.2 Analogy Sheet. 
 
The ‘analogy sheet’ (Appendix A) was a pen and paper exercise intended to probe into 
the participant’s prior knowledge and preconceptions about resistor-capacitor circuits. 
The exercise consisted of two tasks: 
 
 Task 1: the participant was asked to draw a circuit within Region 1 of the sheet 
and pick the relevant electrical symbols from a given set. The task required that 
the electrical elements be used only once and that they be put in series. A choice 
of two switches was given: a single-pole-single-throw switch and a single-pole-
double-throw switch, of which the participant was to select just one type for the 
circuit schematic. 
 
 Task 2: the participant was required to explain verbally, with the aid of sketches 
drawn in Region 2 of the sheet, any familiar analogy about the circuit drawn, 
with special emphasis on the capacitor.  
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The two tasks were printed on the same side of an A4 sheet of paper, so that the 
participant could refer to his/her own circuit schematic whilst drawing and explaining 
the analogy. Task 1 and Task 2 were analysed qualitatively by searching for any 
patterns in the circuits and analogies drawn by the participants. 
 
3.2.2.3 Verbal Discussion. 
 
The verbal discussion was intended to target multiple aims. Primarily, verbal interaction 
with the participant helped in minimizing reactivity effects. The scope of the research 
was to explore the participant’s approach to thinking about the function within the 
circuits, rather than conducting an assessment of the participant’s knowledge. 
Participants’ concurrent verbalization was encouraged on any aspect of each question 
during the tests, with each participant expressing the problem-solving process adopted, 
personal feelings and confidence levels throughout the exercise, and also any feedback 
about the research methods used (Davies, 1995; Lloyd et al., 1995). The participant was 
given the freedom to discuss general topics regarding his/her education within the 
context of electrical circuits. Some participants needed to be prompted to generate a 
discussion while others conversed more spontaneously. The discussion served to correct 
any misinterpretations of the test questions, not captured by the pilot study, which the 
participant might have come across. It gave participants the opportunity to ask and 
confirm their understanding of the wording of the question and to be absolutely clear 
about what was required. 
 
3.2.2.4 Details of the test items. 
 
The test items administered before and after the teaching intervention were designed to 
be criterion-referenced, diagnostic tests.  Figure 12 and Figure 13 show a detailed 
breakdown of the pre-test and post-test into various categories. Table 10 lists these 
categories and specifies the objectives, together with the number of questions for each 
one, while Figure 14 illustrates the sequencing of these categories within the tests. For 
the categories of ‘Progressive Performance’, ‘Graph Given’, ‘Bias’ and ‘Confidence 
Levels’  (Appendices B, D, E, F, I, G, C, K), the test items in the pre-test and post-test 
were identical.  All items were designed in order that participants could work them out 
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mentally. The questions required the participant to deduce relations in the circuit 
without involving numerical calculations. All questions required the participant to 
deduce a voltage measurement, with respect to electrical ground, at a particular node in 
the circuit. 
 
Figure 12: Categories used in pre-test. 
 
Figure 13: Categories used in post-test. 
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Table 10: Objectives for the categories used in the tests. 
Content Area / 
Category 
Objective Number of 
questions 
in pre-test 
Number of 
questions 
in post-test 
Demographic To record personal details of the participant such as name, 
gender, age, course and year of study. 
5 5 
    
Progressive 
Performance 
measuring 
This group presents questions which increase in difficulty level, and makes up the main part of 
the diagnostic features of the test item. It is intended to expose causes and specific areas of 
weakness or strength in the participant’s knowledge about resistor-capacitor series circuits. 
    
Switch operation 
and voltage 
referencing 
These questions determine if the student is familiar with the 
operation of switches of the type SPST and SPDT. The questions 
also test if the student can determine the voltage of a certain node 
with respect to electrical ground. Circuit situations include dual 
voltage sources and potential division. 
16 No 
questions of 
this type. 
Static 
charge/discharge 
These questions present a situation in which the switch is static 
and the RC circuit is engaged in one UNCHANGING path.  The 
questions probe if the student can identify the path the RC is in 
and what state of the capacitor to associate with. Since these 
questions do not include any graphs, they check if students can 
identify the state of the capacitor (i.e. charged or discharged), 
from the connections in the circuit diagram only. 
8 8 
Verbal These questions present a situation where the switch is dynamic 
and the series RC is engaged in TWO DIFFERENT paths that 
force a change in state of the circuit. The descriptions are 
presented in words without graphs to check if the student can 
visualize the right answer from verbal statements only. 
8 8 
Graph These questions present a situation where the switch is dynamic 
and the series RC is engaged in TWO DIFFERENT paths that 
force a change in state of the circuit. The descriptions are 
presented in graphs only, without words to check if the student 
can identify the right answer from image statements only. 
8 8 
Complex These questions present a situation where the switch is dynamic 
and the series RC is engaged in TWO DIFFERENT paths that 
force a change in state of the circuit. They add one component, 
either a resistor or a capacitor, with respect to previous RC 
circuits. These questions probe students’ knowledge transfer to 
more complex circuits that include the same electrical 
components. 
4 4 
    
Graph given These questions present a situation where the switch is dynamic 
and the series RC is engaged in TWO DIFFERENT paths that 
force a change in state of the circuit. The correct graphical 
answer is now given to the student. The student’s task is to 
associate the word ‘CHARGE’ or ‘DISCHARGE’ to the given 
graph. These questions probe if students always tend to associate 
the words ‘charge’ or ‘discharge’ with particular graphical 
shapes, irrespective of the circuit connections and the initial state 
of the circuit. 
8 8 
Bias These questions probe if the student admits to any biased 
preconceptions about resistor capacitor circuits. 
2 2 
Confidence levels These questions are self-evaluative checks, strategically placed 
to monitor students’ self-confidence whilst working through the 
exercise. 
6 4 
Evaluative These questions check the students’ perception of difficulty of 
the exercises given, and allows students to comment openly on 
the teaching / learning experience. 
4 4 
    
Total  75 51 
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3.2.2.4.1 Demographic Information. 
 
This category records personal details of the participant such as name, gender, age, 
course and year of study. 
 
3.2.2.4.2 Progressive Performance. 
 
This category makes up the main part of the diagnostic features of pre-test and post-test 
items. It is intended to expose causes and specific areas of weakness or strength in the 
participant’s knowledge about resistor-capacitor series circuits. As seen from Figure 12, 
in the pre-test, this category is divided into five sub-categories, while in Figure 13 in the 
post-test, it is divided into four sub-categories. The category labelled ‘Switch operation 
and voltage reference’ was considered to be novice learning questions and only 
intended to provide a context and to channel the participant toward more challenging 
questions later on. Questions in this category were omitted from the post-test 
questionnaire. From the sub-category labelled ‘Switch operation and voltage reference’, 
to that labelled ‘Static charge/discharge’, going on to those labelled ‘Verbal’, or 
‘Graph’ and finally, ‘Complex’, the sub-categories present circuit problems in order of 
ascending difficulty. Table 11 shows a taxonomy of the questions in the ‘Static 
charge/discharge’, ‘Verbal statement’, ‘Graph’ and ‘Graph Given’ sub-categories, 
while appendices D, E, F, H, provide examples of the questions as presented in the tests. 
 
Start of test End of test 
Switch 
operation and 
voltage 
reference 
Bias 
Static Charge-Discharge 
Verbal 
Graph 
Complex Evaluative 
Confidence Levels 
Figure 14: Sequence of pre-test and post-test categories. 
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Table 11: A taxonomy of the questions in the ‘Static Charge/Discharge’, ‘Verbal’, ‘Graph’ and ‘Graph Given’ 
categories. (see also Appendix H.) 
Circuit Description Circuit Schematic 
Switch 
Position 
Category Type 
Resistor on top of capacitor, 
switch on upper rail. 
 
Cases 1 and 6 
 
1, or 1-2 
Charge/Discharge 
Verbal Statement 
Graph 
Graph Given 
2, or 2-1 
Charge/Discharge 
Verbal Statement 
Graph 
Graph Given 
Resistor on top of capacitor, 
switch on lower rail. 
 
Cases 4 and 8 
 
1, or 1-2 
Charge/Discharge 
Verbal Statement 
Graph 
Graph Given 
2, or 2-1 
Charge/Discharge 
Verbal Statement 
Graph 
Graph Given 
Capacitor on top of resistor, 
switch on lower rail. 
 
Cases 3 and 7 
 
1, or 1-2 
Charge/Discharge 
Verbal Statement 
Graph 
Graph Given 
2, or 2-1 
Charge/Discharge 
Verbal Statement 
Graph 
Graph Given 
Capacitor on top of resistor, 
switch on upper rail. 
 
Cases 2 and 5 
 
1, or 1-2 
Charge/Discharge 
Verbal Statement 
Graph 
Graph Given 
2, or 2-1 
Charge/Discharge 
Verbal Statement 
Graph 
Graph Given 
 
 
3.2.2.4.3 ‘Switch Operation and Voltage Reference’ Category. 
 
This was the initial category for the pre-test (example question found in Appendix B). It 
consisted of tasks which served to make the participant familiar with the format of the 
test. The circuits in this category involved only the following components:  
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1. Ideal, direct current (d.c.) voltage sources, 
2. Single-pole-single-throw switches 
3. Single-pole-double-throw switches,  
4. Resistors.  
 
All questions required the participant to deduce a voltage measurement with respect to 
electrical ground at a particular node in the circuit. The starting questions portrayed the 
image of a voltmeter connected in between the node in question and the electrical 
ground point, but subsequently this image was removed. This was done deliberately so 
as to induce the participant to visualize the measuring instrument mentally since, in later 
circuits, it was expected that the image of the measuring instrument would make the 
circuit look cluttered and detract attention from more important parts of it. 
 
The questions in this sub-category were designed to check if the participant was familiar 
with fundamental electrical symbols, with the configuration of a series circuit, and with 
the concept of voltage referencing. Most circuit problems involved the concept of 
voltage division. 
 
3.2.2.4.4 ‘Static charge/discharge’, ‘Verbal’, ‘Graph’ and ‘Graph Given’ categories. 
 
Each set of eight questions in these categories involved one d.c., an ideal voltage 
source, one single-pole-double throw switch, one resistor and one capacitor connected 
in series, as shown in Table 11. 
 
The questions for the ‘Static charge/discharge’ category required the participant to 
decide on the state of the capacitor, as being either charged, or discharged, according to 
the position of the switch. The question made clear that the switch position shown on 
the circuit diagram was maintained for a long time so that the circuit would be past its 
transient state. The questions in this category were designed to check if the participant 
had any difficulty in identifying an active closed loop, or an inactive closed loop, for 
different configurations of the same circuit. The questions aimed to test the participant’s 
knowledge of the steady state condition for each different circuit configuration and 
switch position. 
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The questions for the ‘Verbal’ and ‘Graph’ (Appendices E, F) categories are identical 
in their requirements but differ in their option format. All questions required the 
participant to deduce a voltage measurement with respect to electrical ground at node B 
in the circuit, when the switch flipped over from one position to another. These 
questions aimed to check the participant’s knowledge of the transient response for each 
different circuit configuration and switch position. The question stated clearly that, in its 
initial condition, the circuit had ample time to settle down in one unchanging state by 
having the switch in the same position for a long time. This statement was accompanied 
by a circuit diagram showing the switch in the desired initial position. Another circuit 
diagram was then presented showing how the switch was flipped over from the initial 
position to the final position. The action performed on the circuit was therefore 
presented to the participant both in word form and in circuit diagram form, to minimize 
any misunderstandings and to cater for learners with different learning styles (Section 
2.2.3.5.1). 
 
The ‘Verbal’ and ‘Graph’ categories differed only in the way the multiple choice 
options were presented to the participant, i.e. in word form or in graphical form 
respectively. For the ‘Verbal’ category, the response of the circuit was described by 
choosing the shortest sentences possible to convey information about the curvature of 
the voltage-time graph and its starting and ending voltage levels. For some circuit 
configurations this proved to be quite a challenge since, in order to describe the circuit 
behaviour accurately, longer sentences were required. To keep the length of the 
response items as uniform as possible, it was decided that, for all circuit configurations, 
only the salient behaviour would be described. Most of the options used the words 
‘rises’, or ‘falls’, together with two voltage levels given in numerical format in order to 
describe the voltage level changes occurring on node B in the circuit. These words were 
deliberately used instead of the words ‘charge’, or ‘discharge’, since it was 
hypothesized that the latter words were loaded with connotations about graph shape and 
so their use was avoided. The sequence of the options was kept strictly identical for all 
questions. The options in the ‘Verbal’ category contained no information about the 
radius of curvature of the described curve. 
 
For the ‘Graph’ category, the response of the circuit was described by having eight 
graphs to choose from. Six of the eight graphs showed exponential curves which started 
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from one level and settled to another level. All graphs were accompanied by labelled 
axes which were graded to represent values of the voltages that would be expected from 
the circuits given. By their own graphic nature, the graphs not only displayed the 
exponential characteristic of the curves and the voltage levels reached, but also the 
curvature taken. Similarly to the ‘Verbal’ category, the challenge in designing these 
options was to limit the number of response items and maintain a balance between 
absolute accuracy and a manageable number of options for the participant. Once again it 
was decided to depict only the salient behaviour of the circuits. 
 
The questions in the ‘Graph Given’ (Appendix G) category were designed to prompt 
discussion by creating cognitive conflict as suggested by (Lloyd et al., 1995). The 
circuits in question were identical to those presented in the ‘Verbal’ and ‘Graph’ 
categories. The questions in the ‘Graph Given’ category started by guiding the 
participant to reflect about the capacitor in the circuit given (Part A), and by asking 
about which state, charged or discharged, this would be in when the circuit reached a 
steady state after the switched was flipped. Consequently, the question presented the 
correct graphical response which would be observed if the voltage at node B was 
measured with respect to electrical ground. The participant was then asked to comment 
if he/she agreed that the graph correctly represented the voltage level at node B with 
respect to electrical ground, and to give reasons for answers given in Part B. 
 
3.2.2.4.5 ‘Complex’ Category. 
 
The ‘Complex’ category (Appendix I) consisted of four questions which were designed 
to check the participant’s ability to transfer knowledge from simple circuits to slightly 
more complex ones. These questions involved one d.c. ideal voltage source, one single-
pole-double throw switch, and a combination of two resistors and one capacitor, or one 
capacitor and two resistors. These questions had just one component added to the 
questions in the ‘Verbal’, ‘Graph’ or ‘Graph Given’ categories. Two questions still 
featured all resistors and capacitors in series, while the other two included a parallel 
circuit connection with one resistor and one capacitor. The options to these questions 
were presented as six graphs showing superimposed voltage waveforms for different 
salient nodes in the circuit. Similarly to the other categories, the participant was asked 
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to choose the correct set of superimposed voltage waveforms. Knowledge of the relative 
behaviour of voltages between nodes was the criteria being sought. 
 
3.2.2.4.6 ‘Bias’ Category. 
 
The ‘Bias’ category (Appendix C) consisted of two questions aimed at capturing a 
general impression of the preconceived ideas that participants possessed prior to 
exposing them to the novel teaching resources. The first question presented two resistor-
capacitor circuits drawn side by side. The circuits were both composed of one ideal 
voltage source, one single-pole-single-throw switch, one resistor and one capacitor 
connected in series. The first circuit diagram depicts the resistor symbol vertically 
above and in line with the capacitor symbol. In the second circuit diagram, the positions 
of the resistor and capacitor are vertically swapped so that it is the capacitor symbol 
which is drawn vertically above the resistor symbol. The question asked the participant 
whether this swapping of components in a series circuit would produce a different shape 
for the voltage waveform taken at a particular salient node. The aim of this first 
question was to check if participants would override the concept of voltage referencing, 
due to the fact that the circuits were both simple series circuits. The second question in 
this category presented two exponential graphs once again, drawn side by side. Both 
exponential curves spanned the same voltage region and had identical time constants. 
No circuit diagram accompanied these two graphs, but the question stated that the 
graphs were voltage measurements taken from a particular node, in a circuit involving a 
resistor and a capacitor. The question asked the participant if these graphs were 
representing the voltage across a charging or discharging capacitor.  This question 
checked if the participant tended to associate the given graphical shapes with a 
particular circuit configuration, a resistor-capacitor series circuit, and one particular 
component, the capacitor. 
 
3.2.2.4.7 ‘Confidence Levels’ Category. 
 
The questions in this category were strategically placed throughout both pre-test and 
post-test to give the participant an opportunity to reflect on the exercise and conduct a 
brief self-evaluation on test performance. The questions asked about the participant’s 
confidence levels using a three point Likert scale. The participant could select from: a) 
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not confident, b) slightly confident, or c) very confident. During the interviews, a few 
participants commented that having only three response options was not exactly 
representative of any individual’s self-evaluation. Although a multiple choice question 
was included in the tests, this study still gave the participants the opportunity to express 
themselves freely and explain their own views during the interview and discussion. In 
this way, the limitations of the coarse-grained Likert scale were balanced with the 
richness of data collected during the discussion. 
 
3.2.2.4.8 Evaluative Category. 
 
The evaluative questions (Appendix J) were included in the tests to gain feedback from 
the participants about the test items, about their own thinking process while working 
through the test items, and the experience of the methods used in this study in general. 
Some questions were presented in multiple choice format while others were open-
ended.  
 
3.2.2.4.9 The Design of the Circuit Schematic Diagrams. 
 
The visual design of the electrical circuit schematics used in this study conformed to the 
research findings discussed in Section 2.1.2.5. The schematic was purposefully drawn to 
match the task given, i.e. to determine the potential difference at a particular, salient 
node in the circuit, with respect to the reference point taken as the zero Volts potential, 
or what is normally referred to as electrical ground. The nature of this task is parallel to 
the practical scenario of using the oscilloscope as a voltage measuring instrument, 
whereby the signal lead is connected to the node requiring measurement and the ground 
lead is connected to electrical ground.  The circuit schematics used in this study can be 
found in Table 57 and Table 58 of Appendix H.  
 
Bearing in mind that a node is referred to as having higher or lower voltage potential, 
the graphic symbols representing the resistor and the capacitor components used in the 
circuits were oriented and aligned vertically, with respect to each other. In this way, the 
representation of voltages across these components could be expressed with vertical 
arrows drawn alongside the electrical graphic symbols, pointing upwards to signify an 
increase in potential difference across each component (see Figure 15). This not only 
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conforms with the spatial mappings which are so natural to us humans but, as discussed 
in Section 2.1.2.5, can also be used to conveniently represent Kirchhoff’s voltage law2 
in a visual form. By having the graphic symbols representing the circuit components 
vertically aligned to match the polarity representation with arrows pointing upwards, it 
is easy to infer that the summation of voltages across the resistor and the capacitor must 
equal that of the voltage source. As a consequence, it should be clear that the voltage at 
the node in between the resistor and the capacitor, node B in the example of Figure 15, 
and electrical ground may take values that lie in between the supply rails, in the case 
shown. Since the voltage source supplies a constant voltage range, and Kirchhoff’s law 
of summation of voltages cannot be violated, it should be intuitive to deduce that if the 
voltage across any one of the two passive components increases the voltage across the 
other respective component must decrease. The circuit schematic was drawn with the 
voltage source on the left side of the switch and passive components. This was done in 
order to allow the direction of the conventional current flow to make a clockwise loop, 
making the current flow from left to right, out of the battery and into the other 
components. Overall, the schematics’ metaphorical mappings for the increase of voltage 
and conventional current flow superimpose the Euclidean space of the diagram over the 
topological configuration of the circuit, as shown in Figure 16. 
 
 
 
 
 
 
 
 
 
The salient nodes in the circuit schematic of Figure 15 were labelled with alphabetical 
characters and each made to visually stand out by drawing a relatively prominent, 
circular graphic object, hereby referred to as a node, across both passive components. 
 
 
 
                                               
2
 Kirchhoff’s Voltage Law states that the summation of potential differences around any closed circuit is zero. 
Figure 15: Circuit schematic and corresponding voltage polarity 
representation 
A 
B 
C 
10V VR 
VC 
Circuit schematic 
representation 
Circuit voltage polarity 
representation 
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Besides representing the extremities of the graphic symbols of the resistor and 
capacitor, these nodes also represent the voltage at that particular junction in the 
electrical circuit. These were drawn to be vertically aligned so as to coincide with the 
voltage polarity representation of the circuit. The vertical layout of these marker nodes 
was kept, even when the lowermost component was not permanently connected to 
electrical ground as in Cases 3, 4, 7, and 8 of Table 57 and Table 58 of Appendix H. In 
this case a separate, redundant ground symbol was drawn under the lowermost 
component to maintain the vertical layout.  
 
3.2.2.5 Evaluation Sheet and Observations. 
 
The evaluation sheet consisted of ten multiple choice questions intended to gain 
quantitative feedback about the novel teaching resources and their use. Each participant 
was asked to fill in these ten questions at the very end of the post-test. 
 
The type of observation conducted in this research was unstructured and served to 
generate hypotheses rather than test them. The researcher was known to the participants 
as such. The role of the researcher as ‘observer-participant’ allowed contact with the 
participants but was not as extensive as complete participation would have been. The 
observations were recorded on the fly as field notes while the participant worked out the 
questions in the pre-test and post-test. Observations recorded were descriptive and were 
either quick, fragmentary jottings of keywords uttered by the participant, or short 
descriptions of a participant’s behaviour when stimulated by the test items or when 
Figure 16: Metaphorical mappings pertinent to electrical circuit 
schematics 
Source Load 
Direction of 
voltage increase 
Electrical circuit schematic 
Direction of 
conventional current 
flow 
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asked particular questions. Both verbal and graphic elements were used to record 
observations. 
 
3.2.2.5.1 Observation of Gestures. 
 
While the participant worked the questions given in the test, observations were made 
with particular attention to gestures.  The focus of this exercise was the participant’s use 
of fingers or hands with respect to a circuit schematic as displayed on a computer screen 
or on a sheet of paper.  The prime objective was to observe whether gestures performed 
during the pre-test differed from those used in the post-test. 
 
3.2.2.5.2 Observation of Key Words used by Participants. 
 
The participants were asked to speak out loud and reveal their reasoning as much as 
possible while working the test questions. Particular attention was paid to the key words 
which the participant chose to associate with particular circuit schematics and particular 
graphs. 
 
3.2.2.5.3 Observations of the Most Popular Resource picked by Participants in the 
Post-test. 
 
After the teaching intervention, the participant was left free to choose any or none of the 
resources as learning aids whilst working out the problems. The researcher noted which 
of the resources was mostly selected and for which reason.  
 
3.2.2.5.4 Observations of the Use of Rough Paper and What was Written on it. 
 
All participants were equipped with pen and paper to use as rough paper should they 
have felt the need to jot down anything during the process of problem solving the test 
items.  The researcher noted if the use of rough paper differed from pre-test to post test. 
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3.3 The Teaching Intervention. 
 
Each participant was exposed to a period of teaching intervention before commencing 
the post-test session. The aim of the teaching intervention was to expose the participants 
to the set of teaching resources and instruct them regarding their use. The duration of 
the teaching intervention was on average twenty minutes, but varied for each participant 
and continued until they showed signs of proficiency in the use of all resources.  
Participants reached proficiency in the usage of resources mainly by: 
 
1. Choosing the resource that would best serve the question tackled without any 
form of help or questioning; 
2. Operating the resource correctly without help; 
3. Reasoning silently, or whispering while operating the resource; 
4. Increasing the speed of choosing and operating resources within the progression 
of the exercise. 
 
The teaching intervention started with each participant viewing a fifteen minute video 
on a laptop. The participant was invited to start, stop or rewind the video at will. If the 
participants deemed necessary, they were also allowed a second viewing. When finished 
with the video, the participant was asked to offer some feedback and discuss the claims 
made. Consequently the researcher proceeded to take each resource, and explain its 
method of operation, its application and limitations. The participants were allowed to 
interact freely with all resources and also allowed to ask questions to reinforce their 
learning as necessary. 
 
The main issues presented during the teaching intervention, with the aid of the 
resources, were: 
 
1. That there is no strict association of the words ‘charging/discharging’ with 
specific shapes of exponential curves. 
2. That a discharged capacitor does not necessarily need to be connected to 
electrical ground. 
3. That one method in which a capacitor may be charged is by fixing one of the 
plates to a voltage reference point and allowing the other plate to take on a 
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different voltage potential. Any one of the upper or lower plates can be fixed. 
Another method is to keep both plates free and allow each of the plates to take 
on a different voltage potential. 
4. That a fixed reference point, like a ground point designated as zero Volts, is 
absolutely essential in order to interpret voltage readings, which should always 
be considered with respect to other voltage readings. 
 
These issues were discussed with each participant, prior to the start of the exercises 
contained in the post-test session. 
 
3.4 Description of the Teaching Resources. 
 
A total of nine teaching resources were presented to the participants. The taxonomy of 
Figure 17 classifies the resources according to type and suggests how these resources 
may be used to complement each other in a holistic learning activity. The resources 
were classified according to their features as two-dimensional or three-dimensional, 
tangible or intangible, movable or static, visual or verbal.  
 
Figure 17: A classification of the teaching resources 
 
All the resources were designed keeping the features listed in Table 12 in mind (Closset, 
1985; Brereton and McGarry, 2000; McGarry, 2005). 
Teaching resources 
Operated in a two-
dimensional plane 
Tangible 
Movable (can be used as 
supports for student-
centred learning 
activities) 
Hand-held cardboard 
models 
Hand gestures 
Unmovable (can be used 
as students' notes) 
Comic Strips 
Intangible (Highly 
portable and can be used 
for student self-learning) 
Visual 
Video 
Animation 
Simulations from a 
software package 
Verbal 
Three word sentences 
Three-dimensional (can 
be used by teacher as 
demonatration models) 
Tangible 
Movable 
3D wooden model 
Beer can model 
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Table 12: A list of attributes possessed by the teaching resources. 
 
1. Portability. 
2. Two-dimensional or three-dimensional. 
3. Tangible (discernible by touch) or abstract. 
4. Visual or verbal. 
5. Manufacturing and reproducibility. 
6. Level of interactivity. 
7. Level of interpretation. 
 
The idea for such a list of features stems from literature about the benefits of 
educational media, and different learning styles possessed by individuals, together with 
the researcher’s experience as a lecturer. The sections that follow consider the nine 
resources in greater detail and explain the scope and method of operation of each 
resource. 
 
3.4.1.1 The ‘relative dynamic two-plate’ analogical model of an electrical capacitor. 
 
A very common analogy for the capacitor is that of a container – a water tank. This 
analogy affords well the function of containment, but may afford less well the function 
of coupling. In this research the analogy employed to explain the workings of a 
capacitor will be called the: ‘relative-dynamic two-plate model’. It consists of 
representing the capacitor by its standard schematic symbol as shown in Figure 18. 
 
 
 
 
 
 
This analogy is governed by a vertical spatial framework, whereby each of the plates 
may take increasing or decreasing vertical positions with respect to each other. These 
vertical positions represent the voltage potential on each plate with respect to zero volts 
electrical ground. The variety of states which this analogy can accommodate are 
illustrated in Figure 19. The voltage difference read across the plates represents the 
voltage across the capacitor in a specific state. As illustrated by Figure 19, both 
capacitor plates can take vertical locations in the positive voltage plane, the zero voltage 
plane or the negative voltage plane. The vertical distance in between the plates 
Plate B 
Plate A 
Figure 18: Diagrammatic representation of the capacitor within the ‘relative-dynamic two–plate’ analogical model. 
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represents the voltage difference between the plates, which indirectly infers ‘volumetric 
quantity’ contained in the capacitor. 
 
 
Figure 19: Possible states of the capacitor plates within the ‘relative-dynamic two-plate model’. 
 
This analogy is different from the common water tank analogy because it is abstract and 
therefore not tied to a real-life mechanical system such as the hydrological system. 
Although the function of containment can be perceptually inferred, the relative-dynamic 
two-plate model is more suitable in describing the coupling effect governing capacitor 
plates when they are subjected to transient signals. The resources designed and 
implemented in this research all adopt the analogy presented by the ‘relative-dynamic 
two-plate model’. 
 
 
 
 
 
 
 
 
Plate A 
Plate B 
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3.4.1.2 The Handheld Cardboard Models. 
 
 
 
Figure 20: The handheld cardboard models. 
 
Figure 20 A-C, illustrates three cardboard models referred to as the ‘hand-held 
cardboard models’ in this research. These models were designed to be operated 
manually. The models depict a qualitative representation of the voltage potential of 
salient nodes in a circuit or component. This is achieved by having part of the circuit 
drawn on the foreground of a piece of cardboard with a viewing window cut in it. The 
other part is drawn on a movable, background sliding panel which is equipped with 
guides and attached to a handle. In some models, multiple sliding panels are used. By 
sliding the cardboard handle either up or down, the user visually translates and distorts 
the standard electrical symbols making up the circuit diagram. These distortions occur 
in relation to each other, and also to two bold, horizontal lines representing the 
minimum and maximum voltage source levels of the circuit. The distortion of the circuit 
symbol signifies a change in potential in relation to other potentials. 
 
Model A represents a resistor-capacitor circuit with the lower plate of the capacitor 
fixed to the lower potential of a voltage supply, since in this case the lower plate is 
drawn on the foreground, touching the lower horizontal line. Pushing the handle 
upwards causes the upper plate of the capacitor together with the resistor symbol to 
move up and be concealed behind the cardboard surrounding the viewing window. 
Taking measurements from a real circuit with identical configuration, and recording the 
A B C 
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voltage potential across the capacitor with respect to time while charging, would result 
in an exponential curve rising from zero volts up to ten volts. Similarly, the voltage 
across the resistor would decrease exponentially from ten volts to zero volts. In this 
model, the vertical distance between the capacitor plates denotes the potential difference 
across the capacitor, which increases as the cardboard handle is moved upwards. The 
vertical distance from the upper plate of the capacitor, or the designated node, to the 
upper bold line represents the voltage across the resistor, which decreases as the 
cardboard handle moves up. Therefore, visually focusing on the salient node, the action 
of pushing the cardboard handle upwards so that the upper plate of the capacitor moves 
from the lower, bold, horizontal line up until the upper, bold, horizontal line represents 
the action of charging the capacitor in the circuit from zero volts to ten volts. This 
action shows, at a glance, the changes in voltage potentials across all the components 
involved. Pulling the handle downwards represents the discharging of the capacitor. 
 
Model B represents a resistor, where once again, any vertical distance represents 
voltage potential. The two terminals of the resistor have both been highlighted by means 
of bold, black circles, which draw the user’s attention to them. These attention seekers, 
subsequently referred to as nodes, can independently be made to move up or down, by 
two cardboard handles which slide on top of each other. These nodes may be made to 
move apart from each other, or toward each other, to signify changes in the potential 
difference across the resistor terminals. They may also be moved concurrently, up or 
down, in which case it can be observed that the voltage across the resistor does not 
change even though its terminals are altering their value of potential with respect to a 
fixed reference, such as the ground point. 
 
Model C is similar in nature to Model B, having a capacitor depicted instead of a 
resistor. Thus, the capacitor plates can independently be made to move up or down, by 
two cardboard handles which slide on top of each other. If they move apart, it means 
that the potential difference across the capacitor increases, while if they move towards 
each other, it means that it decreases. Moving the plates concurrently means that 
although each plate may alter its voltage with respect to a fixed reference, such as the 
ground point, the voltage across the capacitor remains unchanged because the vertical 
distance in between the plates remains constant. This model is a physical representation 
of the ‘relative-dynamic two-plate model’ analogy described in Section 3.4.1.1. 
Methodology  Page 105 
 
Through the use of such models, the user may gain an indication of the various 
parameters and states which exist in an electrical circuit.  While the models primarily 
depict voltage levels, they inherently also give an indication of the direction of current 
flow and polarity of voltage potentials taken by the salient nodes in the circuit. 
 
These two-dimensional, visual, tangible, hand-held cardboard models feature highly on 
the level of interactivity which can be achieved by a user. By holding the model, a user 
is able to visualize and manipulate voltage potentials in a circuit and observe the 
relationship between them at a glance. The models need the user to change their state, 
by moving the cardboard handles according to the electrical laws of physics. Therefore, 
these resources also feature highly on the user’s level of interpretation and visualizing 
capability of the abstract events which occur in electrical circuits. The user is still the 
prime animator of the movements required, and therefore the model encourages active 
interaction and thinking. The production of these models is simple but their 
reproducibility is time consuming if they are not manufactured mechanically. 
 
3.4.1.3 The Animation. 
 
The animation is part of a research project, supportive of this research, but whose status 
is still works-in-progress. The aim of the greater project was to design a software 
interface which would act as a novel learning environment while in itself being a 
measuring instrument. A screenshot taken from this interface is captured in Figure 21. 
 
The aim of this interface was to present three consecutive states of a resistor-capacitor 
electrical circuit as is shown in Figure 22. The participant needs to select a yellow curve 
shape from the left panel and fit the right shape onto the graph grid provided, to 
compose the correct waveform that would be observed on the salient node A, if an 
oscilloscope is used to measure this voltage potential.  In the lower check boxes, the 
participant would also need to tick in the respective state, the state of the capacitor as 
charging or discharging (see Figure 22). 
 
The interface is also equipped with instructions, help buttons and a feedback button. 
The instructions explain what the participant should do. The visual help button provides 
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assistance in the form of a video and animation. The verbal help button provides help in 
text format. The ‘verify waveform’ button provides feedback to the participant as to the 
accuracy of the waveform submitted with respect to the correct waveform.  
 
The idea for the design of this interface preceded the data gathering methods used in 
this research. The interface was designed and programmed personally by the researcher 
herself using Actionscript 3.0 within a FLASH platform.  
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Figure 21: Interactive software interface. Figure 22: Correct waveform observed on salient node A. 
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A part of this interface was used in this research. This was the animation, which was 
provided under the visual help button of the larger interface. A figure showing this sub-
interface is shown in Figure 23. 
 
 
Figure 23: Animation. 
 
The animation consists of a real time simulation of the behaviour of the resistor-
capacitor circuit configuration of Case 1. The interface allows the user to insert the 
value of the resistor and the capacitor and plot its respective graph with respect to time. 
The exponential curve is plotted slowly in real time, allowing the user to observe the 
salient node moving along consecutive values on the time axis and the voltage axis of 
the graph. The resistor and capacitor symbols are superimposed on the growing curve 
and are distorted, as in the ‘relative-dynamic two-plate model’, as the curve plotting 
process advances. In this case, the resistor symbol gradually vanishes across points A 
and B in Figure 23, while the plates of the capacitor are seen to move apart, with the 
upper plate reaching the maximum value offered by the voltage source, and the lower 
plate remaining at zero volts. 
 
This two-dimensional, digital resource was designed keeping in mind portability, 
interactivity and visualization as the prime criteria.   
 
3.4.1.4 The beer can model. 
 
Figure 24 and Figure 25 show the resource which is described as the ‘beer-can’ model.  
This model is a mechanical representation of a capacitor. It is best suited to demonstrate 
the changes in voltage potential on a capacitor’s plates when a signal with a high rate of 
change is applied to them. It is constructed out of two beer cans and a sheet of 
transparent plastic wrapped tightly around them. Each beer can represents one plate of a 
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capacitor and can be pulled or pushed from the can’s pull ring lever. When one of the 
beer cans is tugged at sharply, a low pressure is developed in the chamber between the 
cans causing the second beer can to move in the direction of the force which pulled the 
first can. Hence, both cans move together in the same direction, and the distance 
separating the cans is seen to remain constant. If the distance in between the cans is 
taken to represent the voltage across a capacitor’s plates, then, the described mechanical 
action would represent the behaviour of a capacitor when this is subjected to signals of 
high frequency. 
 
The portability and reproducibility of this three-dimensional, tangible resource is 
limited, and therefore it was intended as a demonstration model. However, one-to-one 
interview sessions enabled participants to interact directly with this model. The model 
proved very easy to use and interpret. It lent itself exceptionally well in visually 
supporting the verbal ‘GOLDEN RULE’, in Section 3.4.1.8, which states that: ‘the 
voltage across a capacitor cannot change very quickly’. It was found particularly useful 
to explain circumstances where capacitors are subjected to alternating signals in 
circuits. 
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Figure 24: The ‘beer can’ model. Figure 25: Operating the ‘beer can’ model 
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3.4.1.5 The comic strips. 
 
Appendix L shows the resources which are described as ‘comic strips’. These are paper 
resources which sequentially describe the states of voltage potential taken by various 
nodes in a circuit, when this is subjected to changes. The description of the sequence is 
achieved by presenting a picture story featuring the circuit symbols and the nodes in the 
circuit. For every state of the circuit, such as, the changeover of a switch position, a 
snapshot of the voltage potential of the salient nodes is depicted. The picture story is 
read from left to right so that an impression of the passage of time from one frame to the 
next is given to the user. Each picture is accompanied by a very short explanation in text 
form. The picture story is also accompanied by the graphical counterpart of each of the 
frames, showing the voltage potentials as they would be seen on an oscilloscope. The 
distorted circuit symbols together with their respective nodes also appear superimposed 
on the graphs, so that visual links are encouraged in between the picture frame and its 
respective graphical representation. This two-dimensional, highly portable, visual 
resource is easily reproducible by printing. 
 
3.4.1.6 The simulations from a software package. 
 
 
  
Figure 26: Simulations from a software package. 
 
Figure 26A shows a screen shot from a commercially available circuit simulation 
package. Figure 26B shows the lower right corner region of Figure 26A enlarged. The 
screen shows the circuit schematic together with a window displaying the graphical, 
waveform output of the circuit as seen on an oscilloscope.  The waveforms are colour 
coded for ease of recognition. This two-dimensional, visual software resource is very 
commonly used for gaining knowledge about electrical circuits. It is portable, 
reproducible and easily accessible to both teacher and learner.  Unlike the other visual 
A B 
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resources used in this study, this resource does not distort the standard circuit symbols 
to aid the visualization of voltage potential at nodes in the circuit. Instead, it emulates 
the more realistic scenario whereby measuring instruments are connected to the circuit 
in order to produce graphical outputs which need to be interpreted by the user. 
 
3.4.1.7 The 3D wooden model. 
 
Figure 27 and Figure 28 show the resource referred to as the ‘three-dimensional wooden 
model’. This prototype is a mechanical representation of a resistor-capacitor network. 
Its key mechanism is a cylinder filled with water and fitted with a piston (Figure 29), 
whose shaft is connected to a counterbalance through a pulley system. The cylinder sits 
on a wooden platform which can be lifted up or down. The cylinder’s piston is attached 
to a horizontal bar of wood, which represents one plate of a capacitor, while the wooden 
platform is attached to another horizontal bar of wood, representing the second plate of 
the capacitor. The cylinder’s piston is also attached to its counterbalance through an 
elastic band which has the symbol of a resistor drawn on it. The pulley system is 
attached to a large sheet of wood which can be lifted up or down and is painted white to 
act as a background to the resistor-capacitor representative mechanism. 
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Figure 27: The ‘3D wooden model’. Figure 28: Detail of Figure 27. 
  
 
Figure 29: Main damping mechanism of the ‘3D wooden model’. 
 
 
Red, upper reference line 
Blue, lower reference line 
Upper plate of capacitor 
Lower plate of capacitor 
Resistor 
+ 
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This model was used to execute the four states that this resistor-capacitor network can 
take. These four states arise from the combination of two variables, the initial condition 
of the capacitor, and the signal input given as shown in Figure 30. The initial condition 
of the capacitor can either be charged or uncharged, while the input signal applied to the 
network can either be a positive step, where a change occurs from low to high, or a 
negative going step, where a change occurs from high to low. 
 
 
Figure 30: The four states which can be executed by the ‘3D wooden model’. 
 
The model is operated manually by using one or both hands. To simulate one of the four 
states, such as the charging of a capacitor, with a positive step type, from an initial 
uncharged state, the user needs to take hold of the white wooden sheet and pull the 
mechanism sharply upwards, until the pulleys reach the red, upper reference bar 
representing the positive terminal of the power supply. Due to the piston in the cylinder 
acting as a damper, the upper plate of the capacitor will momentarily keep its initial 
position at the blue, lower reference bar, which represents the electrical ground point. 
Hence, the resistor symbol will appear in its full length, in between the red, upper 
reference bar and the blue, lower reference bar, suggesting that it has developed voltage 
potential across it whose value is equal to that of the power supply. The sudden upward 
force will eventually cause the shaft and piston to move up slowly. Consequently, the 
upper plate of the capacitor will start to move up gradually until it reaches the red, upper 
reference bar. The ‘plates’ of the capacitor are now apart, signifying that their potential 
difference is equal to that of the power supply, and that the capacitor has charged. With 
the capacitor plates open, the resistor symbol would be hidden away behind the white 
wooden sheet, suggesting that the potential difference across its own terminals is zero. 
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Each of the other three states can be demonstrated on this model by applying a sudden 
upward or downward force to the white wooden sheet or to the wooden platform on 
which the cylinder is seated. This three-dimensional, tangible, visual model is not 
highly portable or reproducible and therefore it was merely intended as a demonstration 
model. It offers, however, an excellent opportunity for the user to be interactive and to 
interpret the electrical circuit in depth. Unlike the hand-held cardboard models, where 
the user needs to generate the behaviour of the circuit all the way through, this resource 
automatically manifests the correct answer once it is operated correctly.  
 
3.4.1.8 The Verbal Guidelines 
 
1. Observe the circuit diagram well … check which nodes are strongly attached, 
(maybe to the terminals of the supply) … and which nodes can float. 
2. Determine the initial state of the capacitor … Charged or Discharged. 
3. Apply the GOLDEN RULE: … ‘the voltage across a capacitor CANNOT 
change very quickly’. 
 
Conceived by the researcher, the guidelines in the list above are the only verbal resource 
used in this study.  Participants were presented with these three verbal sentences which 
suggest the important aspects that should be considered when analysing the resistor-
capacitor circuits. Following these guidelines in the sequence given, a participant 
usually had no difficulty in arriving at a correct answer. Used in conjunction with other 
models, such as the hand-held cardboard models, the three-dimensional wooden model 
or hand gestures, these guidelines were normally spoken out loud by participants whilst 
interacting with other resources. Due to its verbal nature, this list of guidelines is highly 
portable and reproducible. As opposed to other resources used in this study, it is also 
abstract and does not offer a high level of interaction if used on its own. Nevertheless, if 
used to complement other tangible, visual resources, this verbal checklist guides 
towards the correct application of such resources. 
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3.4.1.9 Hand Gestures. 
 
 
Figure 31: Hand gestures representing voltage potentials. 
 
Figure 31 show the lowest cost and most portable of all resources used in this study. 
This resource consists of the participant’s own hands acting as the plates of a capacitor, 
together with any equipment that can represent a fixed reference point, such as the 
surface of a desk. Similarly to the handheld cardboard models, the ‘3D wooden model’, 
the beer can model, the animation and the comic strips, the visualization and enactment 
of the circuit behaviour lies in the distortion of the standard electrical symbol 
representing a capacitor, as in the ‘relative-dynamic two-plate model’ in Section 3.4.1.1. 
Thus, each of the participant’s hands is made to stand for a plate of the capacitor, and 
the movements of the hands suggest changes in voltage potential. Only vertical, up or 
down hand movements are allowed, and these should always be interpreted with respect 
to a fixed reference point, representing the electrical ground point.  
 
3.4.1.10 The video. 
 
Although this research was specifically conducted only in the Maltese scenario, initially 
plans existed to conduct a parallel type of research at Loughborough University, UK. 
Since the researcher’s commitments restricted attendance at Loughborough University 
for long periods of time, the video was planned, keeping digital portability in mind as a 
prime issue. Although not quite a substitute for a real person delivering the concepts 
presented in the teaching intervention, the video was considered to be the second best 
means for the researcher to communicate the teaching intervention to participants in a 
remote manner. Having planned and produced the video anyway, this resource proved 
to be equally useful for Maltese participants. It provided an active way of presenting 
information for use during the post-test, and since each student gathered information 
from the same inanimate recorded source, it was a means of standardization of 
information content and sequence. 
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The video served as a tool to accommodate the participant to the ‘relative-dynamic two-
plate model’ analogy and the concepts portrayed by the tangible resources describing a 
resistor-capacitor series circuit used in this study. It primarily explained the visual 
metaphors used in all resources and offered an explanation regarding the mappings of 
these metaphors to the electrical phenomena which they represented. The video also 
served to display the operations of all resources in the context for which they were 
designed. Overall, the video is an example of how all the designed resources can work 
together and complement each other, to communicate information to a participant in 
different forms. 
 
3.5 Data Analysis methods. 
 
The data in this research is both qualitative and quantitative.  Qualitative data was 
gathered by analysis of participants’ sketches drawn on paper, by observation of the 
participant during both structured interview sessions, and by analysis of the verbal 
discussions conducted during the interviews. Quantitative data was gathered by 
analysing the outcome of the test questions using statistical methods. Figure 32 and 
Figure 33 show how the data gathered from this research was processed according to its 
nature.  
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Figure 32: The analysis of data for the group session. 
 
 
Figure 33: The analysis of data for the individual sessions. 
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3.5.1 Quantitative Data. 
 
3.5.1.1 Statistical Tests used. 
 
The choice of statistical test is dependent on the type of data collected and the goal of 
analysis. The quantitative data in this research was analysed by the chi-square test, the 
Friedman test and the one-way ANOVA test. The chi-square test and the Friedman test 
are both non-parametric tests and so were used in circumstances where the data was 
nominal or ordinal and a normal distribution of the data could not be assumed. The one 
way ANOVA test, being a parametric test, was used where the data could be described 
by an interval scale.  All the pertinent data was input into the IBM SPSS Statistics 
Version 19.0.0 software package and analysed accordingly. The sections that follow 
give a general, brief overview of the circumstances in which each statistical test was 
used and how the dominant hypothesis was chosen from the outcome. 
 
3.5.1.1.1 The chi-squared test. 
 
The chi-squared test was used to analyse most of the responses. The chi-squared test is 
used to determine whether there exists an association between the correct responses to a 
question from pre-test to post-test. It assesses whether the change in the percentage of 
correct replies is significant from pre-test to post-test. H0 – the null hypothesis specifies 
that the increment in the percentage of correct replies of pre and post-test is marginal 
and is accepted if the P-value exceeds the 0.05 level of significance. H1 – the alternative 
hypothesis specifies that the increment in the percentage of correct replies is significant 
and not attributed to chance, and is accepted if the P-value is less than the 0.05 criterion. 
The P-value is computed by the Fisher’s exact test using the facilities of the SPSS. A 
one-tailed test was employed since it was expected that the teaching intervention would 
increase the percentage of correct replies. The size of the P-value and therefore the 
measure of statistical significance depends partly on the percentage change in the 
correct replies from pre to post test, and partly on the sample size. 
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3.5.1.1.2 The Friedman test. 
 
The Friedman test was used to compare the mean ranking scores between several 
related items. H0 – the null hypothesis specifies that the mean ranking scores for the 
items are comparable and is accepted if the P-value exceeds the 0.05 level of 
significance. H1 – The alternative hypothesis specifies that the mean ranking scores for 
the items differ significantly. H1 is accepted if the P-value is less than the 0.05 criterion. 
 
3.5.1.1.3 The one way ANOVA test. 
 
The one way ANOVA test was used to compare the means of rating scores. H0 – the 
null hypothesis specifies that the mean rating scores for different questions are 
comparable. H0 is accepted if the P-value exceeds the 0.05 level of significance. H1 – 
the alternative hypothesis specifies that the mean rating scores for different questions 
differ significantly. H1 is accepted if the P-value is less than the 0.05 criterion. 
 
3.5.2 Qualitative Data. 
 
In this research the qualitative data takes different forms. One form is the data which is 
recorded on sheets of paper such as sketches or diagrams drawn by the interviewees. 
Another form is the verbal data recorded directly onto paper, such as the researcher’s 
jottings of observations, or else recorded by means of a digital voice recorder and later 
transcribed onto paper, i.e. the interview discussions. The diagram based and the word-
based data were submitted to common procedures for qualitative analysis. The first step 
was to become familiar with the data by scrutinizing it repeatedly, noting common 
patterns and initiating the formation of possible categories. Once a set of themes was 
decided upon, the data was run through again several times to re-collect and refine the 
categories. This was done with the possible consequence of other new categories 
emerging from the data, which were taken on board and re-organized with the initial set 
of themes. The analysis of all forms of qualitative data was therefore a continuous 
process of sorting, coding, theme extraction, pattern-fitting and re-grouping.  
 
 
 
Methodology  Page 121 
3.5.2.1 Analogy sheet. 
 
3.5.2.1.1 Analysis of the circuit schematic. 
 
The analysis of the circuit schematic consisted of a search for specific choices in the 
participant’s sketch of the circuit. For all participants, the following attributes were 
noted: 
 
1. The presence of an electrical ground point symbol, its location, and which of the 
other components was connected to it: the resistor; the capacitor; or both.  
2. The orientation of the resistor and capacitor symbols: either horizontal or 
vertical. 
 
Studying patterns in the above characteristics of the circuit schematics gave insight into 
the participants’ a priori knowledge of preconceptions about resistor-capacitor circuits. 
 
3.5.2.1.2 Analysis of the type of analogy recalled by participants. 
 
The analysis of the analogy type recalled consisted in categorizing participants’ written 
data.  A first inspection of all the data gathered from all groups revealed a variety of 
categories under which each sketch would fit.  These categories included non-analogies 
and diagrammatic sketches which portrayed causal or non-causal information about 
analogies for a capacitor in a resistor-capacitor circuit. 
 
3.5.2.2 Analysis of interview transcripts. 
 
The analysis of the transcribed verbal data centred around a search for the following key 
issues: 
 
1. Support for the hypothesis that the words ‘charge’ and ‘discharge’ are loaded 
with biased visualizations and associations with a particular set of exponential 
curves, Appendix M. 
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2. Support for the hypothesis that for certain circuit situations, participants could 
experience conflict arising from a mismatch of information gathered from the 
circuit schematic and from a corresponding graph of the circuit behaviour. 
 
3. Support for the hypothesis that participants would be surprised to realize that 
with such simple electrical circuits, one could obtain voltage potentials that go 
beyond the maximum and minimum levels of the given voltage source. 
 
The transcribed data was examined thoroughly for evidence that would support the key 
issues mentioned above.  
 
3.6 Limitations of the study apparent prior to data collection and analysis. 
 
3.6.1 Reflections on Method. 
 
3.6.1.1 Nature of Study. 
 
The methodology employed by this research is classified by Cohen (2000) as an 
‘interpretative’ approach to the study of behaviour. According to this classification, it 
means that the study involves the interpretation of specific phenomena, is qualitative, 
involves a small number of individuals and employs the personal involvement of the 
researcher. While the study’s interpretative methods can be criticised for their 
subjectivity, the outcomes of the study are expected to be rich, authentic and of practical 
interest. 
 
3.6.1.1 Objectivity versus Subjectivity of Method. 
 
Even though an ‘interpretative’ type of research, such as this work, is classified as 
inherently subjective, a measure of objectivity in scientific research is always desirable. 
The fact that the researcher and the interviewer are one and the same person could pose 
a threat to the objectivity with which the research is approached. In such qualitative 
types of research a complete isolation of researcher from researched is undesirable 
however because this may limit the authenticity of the study. Having a direct interest in 
the outcome of the work, the researcher will take conscious steps to avoid influencing 
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the participants during the interviews in order to secure a higher level of objectivity. 
Caution will be exercised on how to articulate conversation with participants. The 
researcher will avoid leading statements, will aim to answer questions with other 
questions, and will offered reassurance by means of neutral comments while limiting 
her input to the conversation. 
 
3.6.1.2 Sample Size. 
 
The interpretative approach to the study of behaviour is appropriate for this research 
because the latter targets a small, specific population of Engineering and Design and 
Technology undergraduate groups from the University of Malta. The sample size 
approached in this study is eighty two. While for a qualitative type of research this 
number is very high, for statistical purposes it is still considered low. The power of 
certain statistical tests emerges best when population samples are large, typically greater 
than 500. The relatively small sample considered in this study is a limitation for the 
outcome of the quantitative analysis.  
 
3.6.1.3 Administrative, Human and Temporal Costs of the Study. 
 
The outcomes of this study are expected to feed back into the pedagogy employed for 
electrical engineering and D&T teacher education at the University of Malta. The 
method is appropriate when the human, administrative and temporal costs of this study 
are considered. From an administrative point of view, the data gathering process has to 
fit within the formal structure of university programmes and therefore it needs to be as 
efficient and unobtrusive as possible. In addition, the respective Faculties of 
Engineering and Education at UOM expect the study to evidence active educational 
benefits for their students. Therefore, besides being analytic, the study needs to offer 
something back. From a human costs point of view, the study uses only one person for 
the design and implementation of research and learning aids, and the analysis and 
reporting of the research outcomes, and therefore a limitation of sample size is 
appropriate for a qualitative type of study. This has obvious implications on the 
temporal costs involved. 
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3.6.1.4 Concurrent Verbalization. 
 
The data collection process makes extensive use of concurrent verbalization, or the 
think aloud method, apart from other ways of collecting data. This method has been 
found to possess limitations in the study of a design scenario (Lloyd et al., 1995). The 
use of concurrent verbalization however is appropriate for this study because the tasks 
presented are not ill-defined design activities. Similar to the design scenario reported by 
Lloyd et al. (ibid.), the study includes extensive use of non-verbal thought as 
necessitated by the nature of electrical topics (Section 2.2.1). Participants will be 
allowed however to maintain undisrupted focus on the completeness of tasks as 
suggested by Ericsson and Simon (1998). They will also be provided the means to 
express themselves in ways other than verbal communication, to explicate different 
thought processes that may occur during the task analysis. 
 
The learning aids available to participants will act as displacement activities which, 
according to Lloyd et al. (op. cit.), can help to authenticate technological thinking. The 
time allotted to participants to complete the tasks will be set by the participants’ own 
rate of work, although time will be kept in check by the researcher. Concurrent 
verbalization will therefore be employed flexibly in this study, with the awareness of its 
possible conditions of applicability (Lloyd et al., op. cit.; Ericsson and Simon, op. cit.; 
Fonteyn et al., 1993). 
 
3.6.1.5 Use of Resources. 
 
Greater value for the use of the resources will be reaped during the post-test sessions 
where participants are interviewed individually, rather than in a group session. In an 
individual interview, being the sole user of the equipment, the participant will be able to 
focus and interact at will, unaffected by his/her peers, with the resources provided. For 
Electrical Engineering Year 1 participants who will be approached as a group, 
interaction with the resources is expected to be limited. In this case, each participant 
will be provided with those resources which are paper based and can be easily 
reproduced, i.e. the comic strips (Appendix L), one version of the handheld cardboard 
model (Figure 20C in Section 3.4.1.2 on page 103) and the word sentences of Section 
3.4.1.8. All other resources will be used as demonstration models. Although participants 
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will be invited to leave their places and come up to the teacher’s desk to interact 
personally with the resources, it is expected that few will decide to do so. The 
researcher will offer to operate the resources herself as many times as necessary should 
any of the participants ask for an action repeat during the post-test session. 
 
3.6.1.1 Observations. 
 
Being the only person collecting data, the researcher will have to be alert with regard to 
all forms of data present during the interviews. The audio of the interview discussions 
will be recorded. Other forms of data such as facial expressions and gestures will be 
much more difficult to note down. The researcher will develop a mental framework as 
to what to jot down and what to omit, since observations will be conducted without 
video recording facilities. Video recording facilities will not be used because most 
participants showed reluctance to be recorded in this manner when this was suggested 
during the pilot study. Observations are therefore limited to the researcher’s judgement 
and what she will manage to record. 
 
3.6.2 Limitations of Analysis. 
 
Different forms of data demand different modes of analysis, each with its own 
advantages and disadvantages. Quantitative data is usually analyzed in batch by means 
of statistical tests. In this research, once the correct types of tests are selected, and a 
software package used to generate the result, interpretation of the outcome should be 
straightforward and definite. Qualitative data however is expected to be much more 
challenging to analyze. The sheer amount of information present, the many forms it can 
take and the many ways in which it could be tackled will make the analysis of 
qualitative data a complex issue. Due to the exploratory nature of the qualitative 
research method, the categorization of data will be left to evolve in parallel with the 
gathering of data and therefore will be a process of continuous transformation, until 
common themes are seen to emerge. Such a process is expected to be very time 
consuming, elaborate and subjective with respect to the analysis of quantitative data. 
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4 Results 
 
4.1 Demographic Information 
 
Table 13 lists the demographic information about the participants used for this research. 
Most participants were males, enrolled in an electrical engineering course at the 
University of Malta, whose age ranged between eighteen and nineteen years. This 
chapter does not seek to conduct comparisons of performance between genders or 
between groups, but rather seeks to extract patterns of behaviour. 
 
Table 13: Demographic information of the participants used for this research. 
 
Total 
Gender Age Range 
 Male Female 17+ to 19 20 to 29 30 to 39 40 to 49 
Design & Technology 
Post-Graduate 
Teachers 
7 6 1  4 2 1 
Electrical Engineering 
Year 1 
38 26 12 35 3   
Electrical Engineering 
Year 2 
37 31 6 21 16   
Total 82 63 19 56 23 2 1 
 
 
4.2 Participants’ Learning Styles as measured by the Felder-Silverman 
Index of Learning Styles. 
 
4.2.1 Findings. 
 
Participants’ learning styles were measured using the Felder-Silverman Index of 
Learning styles questionnaire (Felder, 1988). The bar charts of Figure 34, Figure 35, 
Figure 36, and Figure 37 show the outcome of each of the four dimensions of the 
Felder-Silverman Index of Learning styles, for all groups of Maltese participants. Table 
14 lists collective percentages pertaining to each of the four dimensions and groups of 
participants. 
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Table 14: Collective percentages of each of the four dimensions of the FSILS according to group. 
 
Year 1 Electrical 
Engineering 
Year 2 Electrical 
Engineering 
Design & Technology Post-
Graduate Teachers 
Total for all 
groups 
Active 47.37% 62.16% 42.91% 50.81% 
Reflective 52.63% 37.85% 57.19% 49.22% 
Sensing 73.69% 78.38% 28.63% 60.23% 
Intuitive 26.32% 21.62% 71.46% 39.80% 
Visual 97.37% 94.59% 100.00% 97.32% 
Verbal 2.64% 5.42% 0.00% 2.69% 
Sequential 71.06% 45.95% 57.2% 58.07% 
Global 28.96% 54.06% 42.9% 41.97% 
 
Figure 34 shows the participant distribution for the Active-Reflective dimension. This 
dimension gives an indication of the methods by which perceived information is 
converted into knowledge. An Active learner prefers to process information by doing 
something with it, like discussing it, explaining it, or testing it. A Reflective learner 
prefers to examine and manipulate the information introspectively (Felder, 1988). The 
distribution of the bar chart in Figure 34 and the values in the Total column in Table 14 
indicate that, overall, the three groups of Maltese participants in this study were fairly 
balanced on the Active-Reflective dimension, with 50.81% being Active learners and 
49.22% being Reflective learners. More specifically, from Table 14 it can be seen that 
the Year 1 Electrical Engineering class was nearly equally balanced with 47.37% of 
participants being Active learners and 52.63% being Reflective learners. In contrast, 
with a percentage of 62.16%, Year 2 Electrical Engineering participants classified more 
strongly as Active learners. The Design and Technology Post-Graduate Teachers group, 
with a percentage of 57.19% tended slightly toward the Reflective type of learner. 
 
Figure 35 shows the participant distribution for the Sensing-Intuitive dimension. 
Sensing involves observing and gathering data through the senses. A Sensing learner 
prefers to experiment with facts and tends to solve problems using standard methods. 
Sensors are good at memorizing facts and are slow, careful and patient with detail, but 
do not like complications and are not as comfortable as Intuitive learners when working 
with symbols. Intuition involves direct perception by way of speculation, imagination 
and hunches. Intuitive learners prefer theories, are keen on innovation, tend to become 
bored by repetition and detail, but welcome complicated problems. In contrast with 
Sensors, Intuitive learners may be faster at solving problems, but more careless (Felder, 
1988). The distribution of the bar chart in Figure 35 and the values in the Total column 
in Table 14 indicate that both Electrical Engineering groups are composed of a majority 
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of Sensing participants with 73.69% for Year 1 and 78.38% for Year 2. In comparison, 
with a percentage of 71.46%, the Design and Technology Post-Graduate Teachers group 
is mainly of the Intuitive type. 
 
Figure 36 shows the participant distribution for the Visual-Verbal dimension. Visual 
learners remember best what they see. Verbal learners remember best what they hear 
and then say, preferring verbal explanation to visual demonstration, and therefore 
benefit most from discussions and explaining things to others (Felder, 1988). With 
percentages over 94%, the distribution of the bar chart in Figure 36, and the values in 
the Total column in Table 14 indicate that all three groups are composed of an absolute 
majority of Visual learners. 
 
Figure 37 shows the participant distribution for the Sequential-Global dimension. 
Sequential learners, being strong in convergent thinking and analysis, are those who 
tend to follow a linear reasoning process when solving problems, and master course 
material in the sequence it is presented to them. On the other hand, Global learners learn 
in fits and starts and are usually better at divergent thinking and synthesis (Felder, 
1988). The distribution of the bar chart in Figure 37 and the values in the Total column 
in Table 14 indicate that with a percentage of 71.06%, Year 1 Electrical Engineering 
participants are the strongest Sequential group of learners, followed by the Design and 
Technology Post-Graduate Teachers group with 57.2%. With a percentage of 54.06%, 
the Year 2 Electrical Engineering group tends to contain more Global learners. 
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Figure 34: Distribution of participants’ learning style on the Active-Reflective dimensions 
of the FSILS 
Figure 35: Distribution of participants’ learning style on the Sensing-Intuitive dimensions 
of the FSILS 
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Figure 36: Distribution of participants’ learning style on the Visual-Verbal dimensions 
of the FSILS 
Figure 37: Distribution of participants’ learning style on the Sequential-Global dimensions 
of the FSILS 
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4.2.2 Interim Discussion. 
 
The overall learning style scenario for the three groups of Maltese participants has 
shown that the majority of learners in these groups are: Active, Sensing, Visual and 
Sequential. These findings concur with Felder’s findings about engineering students 
(Felder, 1988) and other studies which reflect similar outcomes (see Table 8). 
 
The method of data collection used in this study and the design of the teaching 
resources were planned to take advantage of these findings. The design of the research 
instruments was primarily focused around the hypothesis that most participants would 
be visual learners. The outcome of the Visual-Verbal dimension of the Felder Silverman 
Index of Learning styles for all groups of Maltese participants strongly supports this 
initial conjecture. This justifies the use of graphic elicitation techniques used as test 
items. It also justifies the use of teaching resources whose design was chiefly based on 
visual perception. 
 
The initial hypothesis that most participants would tend to be Active, Sensing and 
Sequential type of learners is also supported by the findings for Maltese participants. 
During both sessions of the structured interview, these learners’ styles were catered for 
by providing an environment where the participant could engage in a guided, but open 
discussion about the topic. At the same time, the participant was offered the time and 
opportunity for quiet consideration to solve the problems, if this was the participant’s 
choice, thus including also those participants who tended to be more of a reflective type 
of learner. The problems given as test items involved only analytic processes and 
therefore mainly targeted Sequential learners. The progression of both tests required the 
participant to have an eye for detail and to advance sequentially from easy problems to 
more challenging ones with a degree of repetition, thus making the upcoming items 
fairly predictable. This was advantageous for Sequential learners, but may have 
unmotivated Global learners. 
 
Most of the teaching resources described in Section 3.4 were intended to cater for the 
Active, Sensing, Visual type of learner since they were designed to take advantage of 
participants’ visual perception and kinaesthetic modality of receiving information. This 
was achieved by designing the resources as visual, tangible, movable artefacts, whose 
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salient features could easily be recognized by their resemblance to the familiar, standard 
electrical symbol schematics used for the components represented, i.e. a resistor and a 
capacitor. Nevertheless, the model resources were also representations of an abstract 
concept which should therefore appeal also to Intuitive learners. Only one resource was 
designed to be a purely verbal resource. 
 
4.3 Overall Performance of the Participants 
 
4.3.1 Participants’ Initial Self-Evaluation of Knowledge and Confidence Levels 
about Simple RC Circuits 
 
As can be seen from Figure 38 most participants rated their knowledge and confidence 
levels about a circuit involving one battery, one switch, one resistor and one capacitor 
as either good or excellent. 
 
 
Figure 38: Bar chart showing Frequency of participants’ responses, reflecting their self-rating as regards 
knowledge and confidence levels about a circuit involving one battery, one switch, one resistor and one 
capacitor. 
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The overall performance of the participants was measured by examining the percentage 
scores for the categories of ‘Switch operation and voltage reference’, ‘Static 
charge/discharge’, ‘Verbal statement’, ‘Graph’ and ‘Complex’ in the pre-test and post-
test. The questions in the categories mentioned were designed to have an ascending 
order of difficulty. As already detailed in Chapter 3, these categories contained 
criterion-referenced, single answer, multiple choice questions. The scoring procedure 
was straightforward, assigning one mark for every correct answer and zero marks for 
every incorrect answer. The mean correct percentage scores for each category, group of 
participants, and test were totalled as listed in Table 15. 
 
Table 15: Mean scores for the categories measuring overall performance of participants 
 
Year Category Test Mean Std. Deviation P-value 
Year 1 
Electrical 
Engineering 
Switch Operation and Voltage 
Referencing 
Pre test 73.685 28.162  
Static Charge / Discharge Pre test 96.383 5.252 0.960 
Post test 96.520 5.426  
Graph Pre test 39.803 34.611 0.028 
Post test 71.054 9.747  
Verbal Statement Pre test 39.836 36.633 0.018 
Post test 75.734 9.661  
Complex Pre test 30.263 12.438 0.019 
Post test 59.560 13.451  
Year 2 
Electrical 
Engineering 
Switch Operation and Voltage 
Referencing 
Pre test 79.091 27.451  
Static Charge / Discharge Pre test 93.245 9.582 0.097 
Post test 99.325 1.250  
Graph Pre test 44.933 27.102 0.000 
Post test 95.941 2.888  
Verbal Statement Pre test 48.986 36.357 0.004 
Post test 94.255 5.490  
Complex Pre test 43.243 16.661 0.001 
Post test 94.593 2.209  
Design & 
Technology 
Switch Operation and Voltage 
Referencing 
Pre test 71.429 35.378  
Static Charge / Discharge Pre test 85.715 15.271 0.090 
Post test 96.428 6.615  
Graph Pre test 41.073 30.002 0.000 
Post test 94.643 10.629  
Verbal Statement Pre test 46.427 34.782 0.003 
Post test 92.856 10.799  
Complex Pre test 32.143 24.397 0.001 
Post test 100.000 .000  
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4.3.2 Findings and Interim Discussion. 
 
4.3.2.1 Overall Performance. 
 
Table 15 lists the mean correct percentage scores for each category, each group of 
participants, and each test. It also shows the standard deviation and P-value for each 
category. The bar charts in Figure 39 offer a graphical display of the mean correct 
percentage scores for each category, each group of participants, and each test. 
 
The category labelled ‘Switch operation and voltage reference’ was not present in the 
post-test because it was only intended to provide a context and to channel the 
participant toward the more challenging questions of the other categories. Therefore, 
whilst a mean score is present for this category, there cannot be a measurement of 
significance because no pre-post comparison of performance could be conducted. From 
Table 15, the least mean score in this category was 71.429% for the Design and 
Technology Post-Graduate Teachers group. This score is relatively high and reflects the 
fact that participants encountered little difficulty when tackling questions in this 
category. 
 
For all groups, the teaching intervention which occurred in between the pre-test and 
post-test had no significant effect on the performance of participants for the ‘Static 
Charge/Discharge’ category. This can be seen from Table 15 since the P-value for each 
group for the ‘Static Charge/Discharge’ category exceeds the 0.05 criterion. This means 
that participants found the questions in this category easy and they did not need any 
help to tackle such questions. In fact, for all groups, the percentage mean scores are 
very high for both pre-test and post-test, with the lowest score for the Design and 
Technology Post-Graduate Teachers group being 85.715% in the pre-test. 
 
In contrast, Table 15 shows that the teaching intervention had significant effect on the 
performance of participants for the categories labelled ‘Graph’, ‘Verbal statement’, and 
‘Complex’ because, the P-values for every group of participants are all lower than the 
0.05 level of significance. The highest score within these categories for the pre-test was 
48.986% and this was obtained by Year 2 Electrical Engineering for the ‘Verbal 
statement’ category. The relatively low scores obtained in the pre-test means that 
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participants needed help in tackling the type of problem found in these categories. The 
results also show that they benefited significantly from the teaching intervention 
provided, since the lowest score obtained within these categories for the post-test was 
59.56%. This score was obtained by the Year 1 Electrical Engineering group for the 
‘Complex’ category. Keeping in mind that the teaching intervention for the Year 1 
Electrical Engineering group was collective, and therefore did not offer all participants 
the opportunity to engage with all of the resources, or to discuss the topic in detail with 
the researcher, this score is considered to be a relatively good score. The Year 2 
Electrical Engineering and Design and Technology Post-Graduate teachers groups were 
all offered the opportunity to personally engage with all resources provided, and to 
discuss in depth the topic of resistor-capacitor circuits, with the researcher. Within these 
groups, the lowest percentage score in the post-test was that of 92.856% obtained by the 
Design and Technology Post-Graduate teachers for the ‘Verbal statement’ category. 
This minimum score for the post-test is considered to be very high, and this is attributed 
not only to the effectiveness of the teaching intervention and resources, but also to the 
added opportunities which were offered to participants by the very nature of an 
individual interviewing session. These results therefore also act to support the 
methodology used in this research since they resound Felder (1988) and Bransford and 
Schwartz (1999) who claim that when planning instruments that purport to measure 
knowledge-transfer, better indication of transfer would appear if participants were not 
sequestered, but allowed to learn in knowledge-rich environments. 
 
4.3.2.1 Participants’ Performance Related to their Learning Style. 
 
To be able to extract a valid relationship in between participants’ learning styles and 
correct percentage scores on the tests, it was necessary to eliminate variables such as 
variety in the difficulty level of questions and in the format of presentation of the 
questions. To this end, the categories labelled ‘Verbal statement’ and ‘Graph’ consisted 
of identical questions in terms of difficulty level, wording and schematic circuit 
diagrams provided. The questions differed only in the way the multiple choice options 
were presented, i.e. either in word form or in graphical format. Apart from this, to be 
able to conduct statistical comparison, the number of questions and the scoring system 
for each category was retained equal for pre-test and post-test. 
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Figure 39: Bar charts showing the percentage mean scores for the categories, measuring the overall 
performance of participants for all groups. 
 
The scatter plots of Figure 40, Figure 41, Figure 42 and Figure 43 illustrate the 
relationship of each dimension of the Felder Silverman Index of Learning Styles with 
respect to the categories of ‘Verbal statement’ and ‘Graph’, for all three groups of 
participants. Each scatter plot shows the percentage of correct scores in the pre-test and 
post-test for the categories mentioned, plotted with respect to the range of scores for 
each dimension of the FSILS. In all of the four scatter plots it can be noted that the post-
test, orange trend lines are located vertically higher than the blue, pre-test trend lines. 
This confirms that different types of learners from all the dimensions of learning styles 
have benefited from the teaching intervention since all post-test scores are higher than 
the pre-test scores, for all types of learners. 
 
Figure 40 shows the relationship between the Active-Reflective dimension of learning 
style and the ‘Graph’ and ‘Verbal’ categories for both pre-test and post-test. The blue 
trend lines represent the percentage correct scores for the pre-test, while the orange 
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trend lines represent those for the post-test. It is clear, from Figure 40 that for the pre-
test, there exists no relationship between the Active-Reflective learning style and 
‘Graph’ or ‘Verbal’ categories because the blue trend lines are both nearly horizontal, 
signifying that being an Active or Reflective learner had little effect on the scores 
obtained in both the mentioned categories. In the ‘Verbal’ category, Active learners 
performed only slightly better than Reflective learners. Having a negative slope, the 
orange trend line for the post-test indicates that Active learners performed better in both 
‘Graph’ and ‘Verbal’ categories. Since the slope of the orange trend lines is similar, this 
means that the scores for both these categories are similarly distributed. Therefore, 
Active learners tended to score higher in the post-test for both ‘Graph’ and ‘Verbal’ 
categories, with no distinction for any one of these categories. 
 
Similarly Figure 41 shows the relationship between the Sensing-Intuitive dimension of 
learning style and the ‘Graph’ and ‘Verbal’ categories for both pre-test and post-test. 
Having a low, positive slope, the blue pre-test trend lines indicate that Intuitive learners 
tended to perform slightly better than Sensing learners in both ‘Graph’ and ‘Verbal’ 
categories, with Intuitors performing slightly better in the ‘Verbal’ category. In the post-
test, the orange trend line for the ‘Graph’ category is nearly horizontal, indicating that 
both Sensing and Intuitive learners scored higher, and therefore no relationship exists 
between this learning style dimension and the ‘Graph’ category.  For the ‘Verbal’ 
category, Sensing learners seemed to perform slightly better than Intuitive learners in 
the post-test, since the orange trend line has a low, negative slope. 
 
Figure 42 shows the relationship between the Sequential-Global dimension of learning 
style and the ‘Graph’ and ‘Verbal’ categories for both pre-test and post-test. The blue 
pre-test trend lines both have a positive slope, indicating that Global learners tended to 
perform better in both ‘Graph’ and ‘Verbal’ categories. For the ‘Verbal’ category, 
Sequential learners tended to obtain slightly lower scores than for the ‘Graph’ category. 
Also for the ‘Verbal’ category, Global learners tended to obtain slightly higher scores 
than for the ‘Graph’ category. The orange post-test trend lines both have a similar, 
positive slope, once again reinforcing the fact that Global learners tended to perform 
better in both ‘Graph’ and ‘Verbal’ categories with no distinction for any one of these 
categories. 
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Figure 43 shows the relationship between the Visual-Verbal dimension of learning style 
and the ‘Graph’ and ‘Verbal’ categories for both pre-test and post-test. Both blue pre-
test trend lines have a negative slope indicating that Visual learners tended to perform 
better than Verbal learners, with Visual learners scoring slightly better than Verbal 
learners even in the ‘Verbal’ category. The orange post-test trend lines have a much 
higher negative slope, indicating that the disparity in performance between the Visual 
and Verbal learners increased during the post-test, for both ‘Graph’ and ‘Verbal’ 
categories. It is clear that in the post-test, Visual learners performed better than Verbal 
learners for both ‘Graph’ and ‘Verbal’ categories. 
 
Overall, the scores obtained for both pre-test and post-test for the ‘Graph’ and ‘Verbal’ 
categories are very similar for all types of learners and therefore no strong relationship 
that clearly distinguishes better performance in any one of the categories was found. It 
can be concluded that the teaching intervention has benefited all types of learners. In 
certain cases, the disparity of scores obtained on one dimension of learning styles may 
be attributed to the fact that the nature of the teaching intervention was actively targeted 
at one particular type of learner. Thus, on the Active-Reflective dimension, the post-test 
trend lines show a greater disparity of scores for Active and Reflective learners than for 
the pre-test. This may be due to the fact that the nature of the teaching intervention 
targeted Active learners more than it did Reflective learners. The same can be said for 
Visual and Verbal learners. Since the nature of the teaching intervention was targeted 
mostly at the Visual type of learner, a greater disparity of scores may be found in the 
post-test rather than in the pre-test.  
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Figure 40: Relationship between percentage of correct scores from all groups and the 
Active-Reflective dimension 
Figure 41: Relationship between percentage of correct scores from all groups and the 
Sensing-Intuitive dimension 
  
Figure 42: Relationship between percentage of correct scores from all groups and the 
Sequential-Global dimension 
Figure 43: Relationship between percentage of correct scores from all groups and the 
Visual-Verbal dimension 
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4.3.2.2 Participants’ Confidence Levels throughout the Data Collection Method. 
 
The confidence marker questions (Appendix K) were inserted throughout both the pre-
test and post-test in order to evaluate the confidence level of participants as they 
progressed from start to end of the exercise. Table 16 describes the distribution of the 
confidence marker questions for pre-test and post-test. The pre-test included five 
confidence markers. The first four confidence markers spanned from the category 
labelled ‘Switch operation and voltage reference’, to the simple resistor-capacitor 
section, which includes the categories for ‘Static charge/discharge’, ‘Verbal statement’, 
and ‘Graph’.  These are labelled Section 1 and Section 2 in Table 16. The last marker 
for the pre-test was that for the ‘Complex’ resistor-capacitor section, Section 3 in Table 
16. The post-test included three confidence markers. The first two confidence markers 
spanned the simple resistor-capacitor section, while the third marker evaluated the 
complex resistor-capacitor section as seen from Table 16. 
 
Table 16: The distribution of confidence-marker questions throughout pre- and post- tests. 
 Section 1 Section 2 Section 3 
 ‘Switch Operation and 
Voltage referencing’ 
category 
Simple Resistor-Capacitor 
Circuits 
More Complex Resistor-
Capacitor Circuits 
 
‘Static charge/discharge’, ‘Verbal 
statement’, ‘Graph’ categories 
‘Complex’ category 
Pre-test Q11 Q24 Q44 Q66 Q71 
Post-test  Q23 Q44 Q49 
 
 
This analysis investigates how the mean confidence rating scores for the pre-test 
compare with those for the post-test. It gives an indication of how the teaching 
intervention has influenced the participants’ confidence levels. The one way ANOVA 
test was used to compare the mean confidence rating scores obtained from the questions 
listed in Table 16. Table 59 and Table 60 in Appendix N list the mean rating scores for 
each confidence marker question given during the pre-test and post-test. The graphs in 
Figure 44a and b plot these rating scores with respect to the time of progression into the 
exercise for Year 1 Electrical Engineering, Year 2 Electrical Engineering and Design 
and Technology Post Graduate Teachers. 
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Figure 44a and b: Plots of the mean confidence-rating scores for pre-test and post-test. 
 
From Table 59 and Table 60 in Appendix N, together with both pre-test and post-test 
graphs in Figure 44, it is evident that the confidence level trend lines for Section 1 and 
Section 2 of the pre-test have an overall negative slope. This indicates that participants 
from all three groups were losing confidence progressively throughout the pre-test. This 
outcome is significant because the P-values for the three groups (Year 1 Electrical 
engineering = 0.000, Year 2 Electrical Engineering = 0.003, Design and Technology 
Post Graduate Teachers = 0.001) are all less than the 0.05 level of significance. 
 
This is in contrast to the confidence level trend lines for the post-test, which have higher 
means and positive going or zero slopes, indicating that participants increased or 
maintained their confidence levels as they progressed into the same sections of the 
exercise. This outcome did not result as significant because the P-values for all three 
groups exceed the 0.05 level of significance. This may be attributed to the fact that the 
post-test included only two confidence level markers, which may not have been enough 
to determine the significance of the result. 
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The mean confidence levels for Section 3 of the exercise where questions were of a 
more complex nature are higher in the post-test than in the pre-test. This indicates that 
the teaching intervention succeeded in building participants’ confidence when they 
needed to transfer the knowledge gained to resistor-capacitor problems that were more 
complex. 
 
Out of the three groups, Year 2 Electrical Engineering, exhibited the highest confidence 
levels during the pre-test, while the Design and Technology Post Graduate Teachers 
demonstrated the highest confidence levels during the post-test. 
 
4.4 The Pilot Study 
 
The pilot study for this research is reported fully in Pule’ (2012b). This took the form of 
a paper and pencil test. It was given to thirty-four Year 3 Electrical Engineering 
students at the University of Malta during one of their laboratory sessions. The scope of 
the questions in the pilot exercise was to explore students’ knowledge and transfer of 
knowledge about resistor-capacitor networks. The exercise sheet was divided into three 
sections, with each section having technical and reflective evaluative tasks. Section one 
and two measured students’ mastery of the knowledge and skills listed in Figure 45. 
 
 
 
 
 
 
 
 
 
 
 
 
Section three contained tasks which combined the knowledge and skills in Figure 45 
into four questions that involved different configurations for a circuit with one resistor 
and one capacitor powered from a direct voltage source through a single-pole double-
Knowledge Skills 
1. Symbols: resistor, capacitor, 
types of switches, ideal d.c. 
voltage source. 
2. The topology of a series 
circuit configuration. 
3. Frequency response of a 
capacitor. 
4. Mathematical equations 
describing circuit behaviour 
for conditions of charging and 
discharging of the circuit of 
Figure 46. 
1. Methods of circuit Analysis: 
1.1. Ohm’s Law 
1.2. Kirchhoff’s Laws 
1.3. Potential Division 
2. Graph sketching: 
interpretation of circuit 
behaviour in terms of a 
graphical visual 
representation. 
Figure 45: Knowledge and skills tested in pilot study exercise. 
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throw switch, as shown in Figure 46, Figure 47, Figure 48, and Figure 49. Each 
question in Section 3 was divided into three types of tasks: (a) short answer numerical 
questions, (b) a freehand graph-sketching exercise, and (c) a descriptive written 
exercise. The information from these different modes of expression was expected to be 
coherent and true to the behaviour of each of the four circuits. 
 
The method of analysis of each of the questions in Section three was conducted by 
developing a set of criteria and comparing students’ responses with respect to these 
criteria. The collective map of correspondences for each criterion pertaining to each 
question revealed the findings for the pilot study. These are stated briefly here, but 
developed in detail in Pule’ (2012b). 
 
The circuit shown in Figure 46 posed no difficulties for the students. The circuit in 
Figure 47 also posed no major challenge. This is in contrast to the circuits in Figure 48 
and Figure 49. Students had great difficulty in determining the correct expected output 
voltage waveform of these circuits. The pilot study revealed the existence of possible 
visual-verbal associations between particular exponential curves and the words 
‘charging’ and ‘discharging’, which occur irrespective of circuit configuration or status 
(Appendix M). 
 
The pilot study also revealed that students’ graphical sketch responses may be 
influenced by the component configuration in the circuit schematic diagram, 
particularly by the positions given to the resistor and the capacitor. It gave an indication 
of the influence of one particular analogy, the ‘water tank’ analogy, which the students 
have experienced in their tuition for circuits with capacitors. The pilot study also reports 
about the status of students’ confidence levels throughout the exercise. Students found 
such simple circuit combinations difficult to work out, even though they were 
experienced in the basic skills of interpretation of circuits and had substantial prior 
knowledge of the electrical phenomena concerned. The outcome of this pilot study 
spurred further interest into the phenomenon of lack of knowledge transfer for such 
simple circuits. For the main study, the exercises in Section 3 of the pilot study were 
expanded and simplified to give rise to the main study test questions which are 
explained in detail in Chapter 3. 
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Figure 46: Pilot study RC circuit configuration 1 Figure 47: Pilot study RC circuit configuration 2 
 
 
 
 
Figure 48: Pilot study RC circuit configuration 3 Figure 49: Pilot study RC circuit configuration 4 
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4.5 Analogies recalled by Participants 
 
4.5.1 Findings. 
 
This section presents the empirical results about the analogies for a capacitor in an RC 
circuit recalled by participants during the pre-test. It answers research question 1.2 from 
Table 2 of Section 1.2, page 10. The analysis consisted in categorizing participants’ 
responses. An inspection of all the data gathered from the three groups revealed a 
variety of categories in which each response could fit. The categories originating from 
the data are listed in Table 17. 
 
Table 17: A list of categories for the analogies of a capacitor in an RC circuit which were recalled by 
participants. 
Category 
Number 
Description 
1 A tank in a water system. 
2 A stand alone tank or bucket. 
3 A sketch of the plates of the capacitor, very similar to the standard electrical symbol of a 
capacitor. 
4 Exponential graphs. 
5 A model featuring a diaphragm. 
6 An electrical circuit. 
7 A describing sentence or paragraph consisting solely of words with no diagrammatic 
representation. 
8 A Force-Spring system. 
9 A mathematical equation. 
10 The physical appearance of a capacitor, usually the form of a radial capacitor. 
11 A camel. 
12 A balloon. 
 
 
Sections 4.5.1.1, 4.5.1.2, and 4.5.1.3 filter and detail these responses further by sorting 
those responses which were considered non-analogical from those that could be seen as 
analogies. The analogical responses were then classified further according to the 
causality offered by the analogical model, and also according to the realism of the 
representation used. Where available, category sample scanouts were accompanied by 
verbatim descriptions taken from the interview discussions. 
 
4.5.1.1 Non-analogies 
 
The first inspection identified the twelve categories listed in Table 17 on the basis of 
appearance of the representation. A second inspection of the data filtered the categories 
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further. The first set of the twelve initial categories to be filtered were those responses 
which could be considered as alternative representations of information, rather than 
analogical models. The set of alternative representations was considered to be made up 
of these categories: (a) Category 4: Graphs; (b) Category 6: Electrical circuits; and (c) 
Category 9: Mathematical Equations. Sample scanouts for these categories can be found 
in Table 18, Table 19, and Table 20. 
 
Table 18: Category 4 - Graphs. 
 
 
 
Table 19: Category 6 - Electrical Circuits. 
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Table 20: Category 9 - Mathematical Equations. 
 
 
 
Those responses which consisted solely of words with no accompanying diagrammatic 
sketch or alternative representation, such as graphs or mathematical equations, were 
categorized as Category 7. These could be further subdivided into descriptions which 
contained no referral to an analogy, for example the description given by Participant 1 
in Table 21; or else, those which referred to an analogy without providing a drawing of 
it, for example, the descriptions of Participants 2 and 3 in Table 21. The absolute 
majority of the describing paragraphs which referred to an analogy, but contained no 
drawing, referred to Category 2, i.e. the stand alone tank or bucket analogy.  
 
Table 21: Category 7 - A word paragraph with no diagrams. 
Participant 1 Participant 2 Participant 3 
 
  
 
 
The analysis which follows focuses on the analogical diagrammatic sketches provided 
by participants, and not primarily on their word descriptions. Therefore Categories 4, 6 
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and 9, considered as alternative representations, and Category 7, the word descriptions, 
were excluded from the analysis which follows. The remaining categories were 
analyzed further and divided into these groups: 
 
1. Diagrammatic sketches - Causal Groups: 
a. Group 1: sketches in which the system portrayed made use of a fluid 
such as water or air which was made to flow in some particular fashion 
(Category 1: tank in a water system, Category 2: stand alone tank, 
Category 5: diaphragm, Category 12:  balloon). 
b. Group 2: sketches in which the system portrayed made use of invisible 
electrical or mechanical parameters (Category 3: capacitor plates; 
Category 8: mechanical forces in force-spring system). 
c. Group 3: Sketches in which the system portrayed made use of a 
parameter outside the realm of physics but in the realm of zoology 
(Category 11: Camel). 
2. Diagrammatic sketches - Non Causal Groups 
a. Physical appearance (Category 10). 
 
The sections that follow will present empirical evidence in the form of sample scanouts 
of participants’ sketches, together with their accompanying verbatim descriptions. Each 
section also presents the major attributes of the analogy which were recalled and 
highlighted by the participants. 
 
4.5.1.2 Diagrammatic Sketches - Causal models. 
 
4.5.1.2.1 Group 1 – Fluid Systems – Concrete, Realistic Models. 
 
4.5.1.2.1.1 Stand alone tank or bucket analogy. 
 
As can be seen from the scanouts of Table 22, the stand alone tank or bucket analogy 
consists of an open container, at times fitted with an outlet, which allows the contained 
fluid, normally water, to be directioned out of the container. The container can be filled 
from its open top, and is assumed to seal well, allowing no fluid losses, such that the 
system’s dominant feature is the attribute of containment of the fluid. The sample 
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excerpts from participants’ interview/discussions all suggest that the function of 
containment was the key attribute of this system. In his analogical description, 
Participant 4 attempted to include the characteristic exponential manner in which a 
capacitor is charged, by suggesting that the shape of the container influenced the time 
taken for it to fill up. Most participants, however, drew containers of various shapes and 
sizes without consideration of this factor. 
 
Table 22: Category 2 - Stand alone tank. 
 
 
 
 
 
 
Participant 1 ‘What I can say is that a resistor and capacitor ... a resistor is there so that where there is a time constant, it tries to charge 
through the resistor. What I can do as an analogy is, where there is the capacitor, I have a water tank, and I am trying to fill 
it with water slowly until, when it reaches the edge, the capacitor reaches the supply voltage, that is Vb, that is 10V. That’s 
the charging. Now for a capacitor to charge, there is what we call the time constant, which is RC, where you have the value 
of the resistor and the value of the capacitor multiplied by each other, that would be the time for it to charge completely. 
When the time constant is one, that would be the 63% of the capacitor. Now for it to be fully charged, there is an assumption  
which says that it is 5 times as much, that is 5RC for it to reach the maximum voltage. That is how the capacitor charges 
when the switch is closed.’ 
Participant 2 ‘So, this is an empty bucket, and you can fill it with charge. In this case I used an analogy with water, that is you have an 
empty bucket and you’re going to fill it.’ 
Participant 3 ‘For the capacitor we have the fact that it’s going to charge and discharge. Now I’m thinking about what analogy I would 
use. I’m thinking about a water tank, ... which when full, ... then it will empty. The capacitor is a container that can be 
emptied.’ 
Participant 4 ‘As an analogy, I would try to find something that does not fill up immediately. Does not fill up linearly. Because at first, the 
capacitor starts filling up quickly, then eventually, the charging slows down because it would be close to filled up 
completely. So what can I do? Let me think. A glass maybe? Right now only that comes to mind. So I have a glass, ... so I’ll 
draw a glass. Now for it to fill up slowly, it needs to increase its diameter. So if the same volume of water is going into it, 
first it fills up quickly, then the last bit, it goes up slowly. So if you are filling it up with 5 centi litres per second, here it goes 
up quickly, and here, because it has a greater diameter, it goes up more slowly. This is the capacitance of the capacitor.’ 
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4.5.1.2.1.2 Tank in a water system 
 
The tank in a water system shown in Table 23 features a container similar to a tank or 
bucket that is connected to a prime mover, such as a pump, through narrow pipes. Apart 
from the attribute of containment of the tank, this analogy also features the flow of the 
fluid which is made to circulate through pump, pipes and container. This analogical 
system therefore, has as its dominant feature the circulation of fluid, which is mapped as 
electrical current in an electrical system. 
 
Table 23: Category 1 - Tank in a water system 
 
 
 
Participant 5 ‘I would use the water analogy. Battery is a pump, with the rotor in the middle. This is a valve, the switch. A tap here. 
The resistance, we can decrease the diameter of the pipe. Capacitor as a container, which is being filled up. When it 
charges, the pump does not fill the capacitor any more, however. I do not know how to represent this though. It’s 
being filled up, and once it is full, the current of water stops since you cannot get in more water once it is full.’ 
Participant 6 ‘There’s one analogy that always comes to mind and even before I was going to university on the internet I really 
liked it, cos it makes sense in a lot of ways, I’m sure you know, the water analogy. So I would use instead of the power 
supply you would have … I don’t know how to draw … a pump? …. So we have a pump?… this is like from a side 
view, and this is the height … let’s say this is zero meters height and this is for example 10m the top of the bu ilding ... 
then the resistor will look like a valve, or at least a narrowing of the pipes,  and the capacitor is just a container to fil l 
up, like it stores ... probably it would be a bit higher, it actually stores energy, it will have the ability to flow even 
when the pump is switched off ... so when you remove the power supply the capacitor can still provide a current ... so 
when this is off this container can still provide a current of water.’ 
 
4.5.1.2.1.3 The diaphragm model 
 
The diaphragm model shown in Table 24 consists of a closed container, the inside of 
which is divided into two compartments by a flexible, stretchable material called a 
diaphragm. This material does not let fluid permeate through it. The two compartments 
of the closed container are usually connected to each other by exterior pipework in such 
a way that fluid from one compartment can flow into the other compartment through 
this external pipework. If fluid is made to push on the diaphragm from one 
compartment, the material stretches, allowing the pressure to act on the fluid in the 
second compartment. The fluid in the system, therefore, can be made to flow, but its 
quantity never increases or decreases, nor is it supplied from external sources. Similar to 
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the tank in a water system, this analogical model features the function of containment 
and caters for the visualization of fluid flow. In addition, it gives the notion that 
pressure can be applied from one compartment of the closed container to the other, 
without involving fluid flow through the material which separates them. This attribute 
could be mapped to the coupling effect which a capacitor may exhibit in addition to the 
attribute of storage of charge. 
 
Table 24: Category 5 - Diaphragm model. 
  
 
  
 
Participant 7 ‘A tank full of water, but the water inside, never changes, it’s always the same. Then you have a plate inside, its 
flexible, … it can be pushed from both sides. This represents the potential, … how much charge you’ve got, …. For 
example, … if you apply a force here, you push this and it comes here, …. Then it will have an opposing force, and 
this represents the charge it has accumulated.  But the quantity of water inside remains the same. Many people 
think that a capacitor is like when you fill a tank with water.  That is not true. That is not a good analogy. This one 
makes much more sense.’ 
Participant 8 ‘The first analogy that comes to mind … just because I’m used to it … is the water tank analogy.  However I 
discovered that that is not very accurate because the tank is not really being filled up with water.  It’s more like 
when you have a tank and it’s divided in half, … you take water from one side and put it into the other side. The 
middle part stretches. When you reconnect, … the middle part resumes its shape and you will have flow of water in 
the opposite direction. Like when a capacitor discharges. These ones here you can close, like valves, as if the 
capacitor is not connected to anything. Water cannot flow like that. As soon as you apply pressure here, … you put 
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pressure here, and with respect to here, water will flow from this side, it goes in here, … and this one bends, … 
stretches on this side. The more water goes in the less space it has to stretch, and the more force you need to stretch 
it, and … there will be less flow for the same pressure.  As soon as you close the valve, the pressure will remain 
stored there.  If you connect the arms and open the valves, the pressure will fall, water will be pushed from this side 
and will regain its original place.’ 
 
4.5.1.2.1.4 The balloon analogy 
 
The balloon model shown in Table 25 features a balloon which can be inflated with air 
by the use of a pump, and deflated by disconnecting the pump.  This analogical model is 
considered to be very similar to Category 1, the tank in a water system analogy. Similar 
to the tank in a water system, the balloon analogy features the function of containment 
of air and also the flow of fluid into and out of the container. 
 
Table 25: Category 12 - Balloon model. 
 
 
 
4.5.1.2.2 Group 2 – Use of Invisible Electrical or Mechanical Parameters – 
Symbolic Models 
 
4.5.1.2.2.1 The two plate model analogy 
 
The two plate model depicted by participants in Table 26 takes the form of the standard 
electrical symbol for a capacitor. Drawn either in two dimensions or in three 
dimensions, the dominant feature of participants’ two plate model sketch are two 
conductive plates, separated by a small distance, that act as surfaces on which electrical 
charges can deposit, or from where they can be depleted. One of the plates is tagged 
with a positive sign while the other is tagged with a negative sign, representing differing 
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electrical polarity between the plates. This model suggests flow of charge quite 
explicitly, but is more abstract in its depiction of the function of containment. This is 
usually shown as a set of numerous positive or negative signs drawn adjacent to each of 
the plates. In contrast to the analogical models in Group 1, any explanation 
accompanying the two plate analogical sketch usually refers only to abstract electrical 
parameters like charges, electrical field or energy, and not to tangible or more directly 
visible parameters such as water. Participant 9 was the only participant amongst all 
groups to map an abstract electrical parameter, the voltage potential, to the spatial 
parameter of distance in between the plates. 
 
Table 26: Category 3 - Two plate model. 
 
 
 
  
Participant 9 ‘Analogy, …. I normally use plates.  Imagine two plates, moving, … going apart from each other.’ 
Participant 10 ‘I think that the structure of a capacitor is not so complicated so, …. I would explain the plates, … the charges, …. The 
dielectric, … it’s quite easy.  You have two plates, in between there is a gap or a dielectric as an insulation, … what 
happens is that when you connect it to a battery, … negative charges from the battery go on the plate. Then, they will 
attract the positive charges on this plate but, due to the dielectric, they won’t go on the other side. They will repel the 
negative charges. This will continue happening until the capacitor is fully charged.’ 
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4.5.1.2.2.2 The Force-Spring system 
 
The Force-Spring system in Table 27 consists of a mechanical spring attached to a fixed 
point from one end. When a force is applied to the free end of the spring, it can 
compress or extend according to the direction of the force. Participant 11 mapped 
electrical charge onto the distance of compression of the spring. As a consequence, he 
mapped the rate of change of distance, i.e. the velocity of the end of the spring, to the 
rate of change of charge, i.e. electrical current. In his discussion, he showed that he tried 
to map invisible electrical charges to something more directly visible to his own eyes, 
such as distance. Nevertheless, other parameters, such as velocity or electrical current, 
still remained invisible. The key feature of this analogy was the function of containment 
in the form of energy stored in a spring. 
 
Table 27: Category 8 - Force-Spring system. 
 
Participant 11 ‘A capacitor…  for me … is a storage of charge. Maybe something you can visualize directly with your eyes is a 
spring which can compress or extend. You could take this analogy – charge is distance – the distance of 
compression of the spring … you can see current as the rate of change of distance with time … the velocity …’ 
 
4.5.1.2.3 Group 3 – Parameters Outside the Realm of Physics 
 
4.5.1.2.3.1 The Camel analogy 
 
This analogy steps out of the realm of physics and into that of zoology, whereby the 
function of containment in an electrical capacitor, by the process of charging, is mapped 
onto a camel’s ability to store food in its hump. The process of discharging of a 
capacitor is mapped onto the camel’s ability to use the stored food in the hump later, 
according to its needs. 
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Table 28: Category 11 - Camel model. 
 
Participant ‘You could use the hump of a camel. So the camel is storing the food for when it is needed, and then it 
discharges slowly when it uses the food in the hump. The capacitor is similar, it is storing the charge, ... ready 
for use for when it is needed. I’ll draw a camel, but it won’t be too pretty!’ 
 
 
4.5.1.3 Diagrammatic Sketches - Non Causal models 
 
4.5.1.3.1.1 Physical Appearance 
 
The sketch in Table 29 shows the typical physical appearance of a radial capacitor, 
featuring a cylindrical body with two terminal leads stemming out of one end of the 
cylinder. When asked to sketch an analogy for the capacitor, one participant sketched 
the drawing in Table 29 and gave the following verbal comment: 
‘A very small component, there are many different types. It has two legs, one positive 
and one negative.’ 
Table 29: Category 10 - Physical appearance. 
 
 
Although this participant has provided a diagrammatic sketch rather than an alternative 
mode of representation as defined earlier in Section 4.5.1.1, this sketch is not useful for 
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deriving a causal model of the capacitor in an electrical circuit. It provides no 
information about any of the functional attributes of the capacitor. 
 
4.5.2 Interim Discussion and Conclusions. 
 
Table 30 lists frequencies of participants’ type of recalled analogy per group of 
participants. Some participants did not come up with analogies, but rather used 
alternative representations of information such as word descriptions, graphs, other 
electrical circuits or equations. This research has not attempted to measure participants’ 
understanding of the definition of analogy and therefore it is rather unclear if 
participants who produced non-analogies had difficulty in understanding what was 
required from the exercise, or else if they used no analogy at all. 
 
For the groups in which a diagrammatic sketch was present, Group 1 contains the 
largest number of members in its set. This may indicate that participants’ preferred way 
of visualizing analogical models for resistor-capacitor circuits is through fluid systems. 
The set members of Group 1 all have as a prominent feature a familiar fluid, which can 
either be experienced visually, like water, or tangibly, like moving air. The system 
dynamics in the members of Group 1 may be more easily and directly perceived than 
those of other groups because they are implementable without intermediary 
interpretational equipment, unlike those of other groups which may need measuring 
instruments to detect invisible parameters such as charges or forces. 
 
Within the members of Group 1, the most popular analogy with all three groups of 
participants was Category 2: the stand alone tank or bucket model. This was followed 
by Category 1: the tank in a water system model, and Category 5: The diaphragm 
model. The type of model taught to participants in their pre-university courses and their 
Engineering or Design and Technology university classes were: 
 
1. Category1, 2 and 5 for Electrical Engineering Years 1 and 2, 
2. Category1, 2 for D&T participants. 
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Table 30: Number of occurrences for each of the analogies recalled by participants. 
 
Year 1 Electrical 
Engineering 
Year 2 Electrical 
Engineering 
Design and 
Technology Post-
Graduate Teachers 
N = 38 N = 37 N = 7 
Count Percentage Count Percentage Count Percentage 
Category 
No. 
Description  
Non-Analogies  
7 Words. 33 86.8% 1 2.7%   
4 Exponential graphs. 3 7.9% 5 13.5%   
6 Electrical circuit. 3 7.9% 2 5.4%   
9 Equation. 3 7.9% 2 5.4%   
Diagrammatic - Group 1  
2 Stand alone tank. 5 13.2% 13 35.1% 4 57.1% 
1 
Tank in a water 
system. 
5 13.2% 14 37.8% 1 14.3% 
5 Diaphragm model. 11 28.9% 5 13.5%   
12 Balloon. 1 2.6%     
Diagrammatic - Group 2  
3 Plates. 8 21.1% 2 5.4% 1 14.3% 
8 Force-spring system.   1 2.7%   
Diagrammatic - Group 3  
11 Camel.     1 14.3% 
Diagrammatic – Non-causal  
10 
Physical appearance 
of capacitor. 
1 2.6%     
 
Even though Year 2 Electrical Engineering were taught the diaphragm model during 
their first year, they seemed to revert to Category 1 and 2. This is in contrast to Year 1 
Engineering who had been taught the diaphragm model only a few months before the 
conduction of this research. This may imply that retention for analogical models 
Categories 1 and 2 is more long-lasting than that for Category 5. All engineering 
participants reported that analogical model Categories 1 and 2 had been presented to 
them even in their pre-university physics classes. The diaphragm analogical model was 
introduced only once they entered university. The retention for Categories 1 and 2 may 
be due to a greater length of exposure to these analogical models than to the diaphragm 
model or indeed any other model. 
 
Overall, the most frequent analogical models recalled by participants were those taught 
in class, although some participants did go beyond this information and attempted to 
create their own analogical visualizations, such as Category 11: The Camel. Some 
however seemed void of any model which could be useful for problem-solving, 
example, Category 10: Physical appearance. There seems to be a preference for causal 
models which are qualitative, concrete and easily visualizable. This may be explained 
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by recalling that participants’ learning styles were classified as being visual, active, 
sensing and sequential, as described by Section 4.2. This result supports what de Kleer 
and Brown (1983) and White and Frederiksen (1989) have suggested about the types 
and sequences of causal models ideal for science and engineering education where, 
ideally, models are qualitative, causal and facilitate envisioning or mental simulation of 
the systems behaviour. These outcomes also resound Gentner and Gentner (1983) for 
proposing that popular analogies for electricity were pipework systems which include 
water. 
 
The main outcome of this research, apart from the classification of analogical types, is 
the observation that the prominent attribute of the behaviour of a capacitor from most of 
the analogical models presented by the participants in this research was the function of 
containment. Most analogical sketches and non-analogical descriptions of capacitor 
behaviour gravitated towards depicting the capacitor as a container, and there was little 
attempt to generate an analogical model which could describe other attributes of 
capacitor behaviour, for example coupling in a.c. circuits, except maybe for the 
diaphragm model. This resounds the work of Spiro and his colleagues who claim that 
simple analogies rarely evolve into more complex ones if students are not given these 
explicitly (Spiro et al., 1988b). 
 
This phenomenon provided foresight of possible difficulties arising, when these 
participants would be asked to work out problems featuring capacitors, whereby the 
dominant attribute would not be the function of containment, but the function of 
coupling. 
 
4.6 Participants’ Prevalent Choices when Drawing a Resistor-Capacitor 
Circuit Schematic. 
 
This section argues that choices within students’ drawings may be related to the 
preferred analogy of a capacitor, i.e. Category 2, the stand alone water tank, as revealed 
from the discussion of Section 4.5. It answers research question 1.3 from Table 2 in 
Section 1.2. 
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4.6.1 Findings. 
 
4.6.1.1  Circuit Configuration chosen by Participants. 
 
The method used for analyzing the configuration of the circuit schematics drawn by 
participants involved observation of how they chose to position and orient the electrical 
symbols of the resistor and the capacitor in the circuit loop. Figure 50 shows an 
example whereby the resistor and capacitor symbols classify as being drawn 
‘horizontally’. Figure 51 shows an example whereby the resistor and capacitor symbols 
are classified as being drawn ‘vertically’. The bar charts in Figure 54 and Figure 55 
show the responses of the participants for the preferred resistor and capacitor 
orientation. Figure 52 and Figure 53 are two scanouts of the typical, preferred circuit 
schematics drawn by participants for the choices of SPST or SPDT switch type. The bar 
chart in Figure 56 shows participants’ preference as to which of the components in the 
circuit was connected to electrical ground. This was the capacitor.  
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Figure 50: Participants’ circuit schematic showing the resistor and capacitor symbols as 
‘horizontally’ oriented. 
Figure 51: Participants’ circuit schematic showing the resistor and capacitor symbols as 
‘vertically’ oriented. 
  
  
 
 
Figure 52: Typical circuit schematic drawn by participants: employing a switch of type 
SPST. 
Figure 53: Typical circuit schematic drawn by participants: employing a switch of type 
SPDT. 
 
Results  Page 161 
 
 
 
 
Figure 54: Bar chart showing participants’ preferences for 
the orientation of the resistor symbol. 
 
 
Figure 55: Bar chart showing participants’ preferences for 
the orientation of the capacitor symbol. 
 
 
Figure 56: Bar chart showing which electrical component 
was more commonly connected to electrical ground. 
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4.6.2  Interim Discussion. 
 
4.6.2.1 Circuit Configuration. 
 
Participants had a preferred way of visualizing the device topology of the electrical 
circuit schematic diagram. From the bar charts of Figure 54, Figure 55 and Figure 56 it 
can be seen that participants tended to orient the resistor symbol horizontally, the 
capacitor symbol vertically, and connect the capacitor to ground as shown in the 
scanouts of Figure 52 and Figure 53. The circuit of Figure 52 was the commonest 
representation of the RC circuit schematic diagram drawn by participants. Both circuits 
in Figure 52 and Figure 53 have the following topological characteristics: 
1. The resistor is drawn ‘horizontally’. 
2. The capacitor is drawn ‘vertically’. 
3. The resistor is drawn as connected to the switch. 
4. The capacitor is drawn as connected to ground. 
5. The voltage source is drawn on the left side so that when focusing on the resistor 
and capacitor the flow of electrical current is seen to go from top to bottom and 
from left to right.  
 
The discussion in this section argues possible reasons for the listed phenomena.  
 
4.6.2.1.1 The Influence of Learning Materials 
 
Two of the influential factors on participants must surely be the methods of instruction 
received prior to this experiment, and the learning materials which the participants used 
to gain knowledge on the topic of resistor-capacitor networks. No direct information, 
other than that discussed with the participants themselves could be gathered about the 
methods of instruction. Participants were asked to identify the main sources used for 
gathering information to support them in their studies, and this invariably led to the 
internet as a leading learning resource, apart from textbooks and classroom notes. A 
Google image search provided the two screenshots of Figure 57 and Figure 58 as the 
leading results. A substantial number of circuit configurations similar to Figure 52 or 
Figure 53 appear in these two screenshots, as indicated by the circuit schematics circled 
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in red on the Google image search screens. The similarity is evident, especially in the 
way that the resistor and capacitor are drawn, that is, ‘horizontally’ for the resistor and 
‘vertically’ for the capacitor. 
 
The choices displayed in the drawings of participants’ circuit schematics match with 
most circled schematics given by the Google image search results, indicating that 
participants might be influenced by the learning material on which they choose to base 
their studies. Nevertheless, another, more subtle, reason for such a biased choice for the 
drawing of the electrical circuit schematic might exist. This is discussed in Section 
4.6.2.1.2. 
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Figure 57: First screen from the Google image search of a resistor-capacitor network. 
 
Results  Page 165 
 
 
 
Figure 58: Second screen from the Google image search of a resistor-capacitor network. 
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4.6.2.1.2 Analogical Structure Mapping 
 
Although instruction and learning materials are certainly two influential sources which 
effect learners’ choices for the device topology of circuits, the ‘stand alone water tank 
analogy’, i.e. Category 2 of the analogical models discussed in Section 4.5, may act as a 
third influential source. The analogical model of Category 2, the ‘stand alone water 
tank analogy’, may be represented as that in Figure 59. 
 
 
 
 
 
 
 
 
Close inspection and comparison of the device topology of Figure 52 to the device 
topology of the ‘stand alone water tank analogy’ of Figure 59 reveal the structure-
mapping of the electrical circuit to the analogy. Both figures are repeated and drawn 
next to each other as Figure 60 for ease of comparison. 
 
The battery and the switch map onto the water tap, both being sources of the ‘stuff’  that 
flows around both systems (de Kleer and Brown, 1983, p.161). The resistor maps onto 
any contraption which may be used to control the flow of water, such as a restrictor or a 
conduit pipe with smaller diameter. The capacitor maps onto the tank as both are 
elements of containment. This one to one structure mapping of objects from the ‘water 
tank analogy’ to the electrical circuit may be the reason why a majority of participants 
in this study chose to draw the circuit schematic in the way shown by Figure 52 or 
Figure 53. 
 
 
 
Storage device, a tank 
Source of water, a tap 
Flow control, a 
restrictor 
Figure 59: A simple hydrological system – the ‘stand-alone water tank analogy’. 
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Figure 60: Electrical circuit schematic and ‘water tank analogy’ shown adjacent to each other to emphasize the 
structure-mapping in between the two systems. 
 
The relationships between the graphic objects of both systems also seem to be mapped. 
In the ‘water tank analogy’ the sequence of connections from left to right is the 
following: ‘tap’ – ‘conduit’ – ‘tank’. The sequence of connections of the electrical 
symbols in the circuit schematic drawn by participants follows suit: ‘voltage source and 
switch’ – ‘resistor’ – ‘capacitor’.  
 
Although swapping the resistor symbol location with the switch symbol location would 
not change the electrical behaviour of the circuit in Figure 52, participants always chose 
to draw the switch before, and connected to, the resistor symbol in the loop. The 
proximity of the switch symbol to the battery symbol suggests that the switch is 
associated more with the properties of a source. With reference to the ‘water tank 
analogy’, separating the properties of opening or closure from the water source is not as 
natural as combining them together, as in the concept of the water tap. As a 
consequence of this structure-mapping, the electrical voltage source and the SPST 
switch appear to be inseparable to participants. 
 
Source of electrical 
current, a battery and 
a switch 
Flow control, a resistor 
Storage device, a capacitor 
Storage device, a tank 
Source of water, a tap 
Note that since the source e.g. a 
pump or another container is not 
shown, the water tap may be seen as 
equivalent to the battery and the 
switch taken together in the electrical 
circuit. 
Flow control, a restrictor 
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The orientation and relative location of the resistor and capacitor symbols also links to 
the device topology of the ‘water tank analogy’. The simple hydrological system shown 
in Figure 59 / Figure 60 depends on the natural phenomenon of gravity to aid water to 
flow from source to tank through the conduit. The sequence of graphic objects and 
structure of the simple hydrological system uses metaphorical mappings such as those 
suggested by Lakoff and Johnson (1980), Boroditsky (2000), Shepard and Hurwitz 
(1984), Blackwell (1997), Nickerson et al. (2008), Tversky (1991), and Winn (1991). 
Water flows from top to bottom, from left to right as suggested by the metaphorical 
mappings mentioned in the cited literature. Due to the effects of structure-mapping, 
electrical current in the circuit schematic also flows around the loop from top to bottom, 
and from left to right when focusing on the main load elements of the resistor and 
capacitor.  Also, in the ‘water tank analogy’, water flowing through a horizontal conduit 
from left to right must bend by ninety degrees clockwise when subjected to the force of 
gravity, making it fall vertically into the tank. It seems that participants cast this arcing 
property of water as a fluid onto electrical current by drawing the resistor and capacitor 
symbols at ninety degrees to each other, with the resistor oriented ‘horizontally’ and the 
capacitor oriented ‘vertically’. 
 
From the bar chart in Figure 56, another feature of the device topology of the circuit 
schematic chosen by participants is that the capacitor is connected to ground, that is, 
one plate of the capacitor is electrically anchored at zero volts. Within the ‘water tank 
analogy’ this maps onto having the base of the container touching a point of lowest 
potential energy, and being fixed at that height. In this way, water at a higher potential 
energy level can fall by the force of gravity in order to fill the tank. The base of the 
container stays at the lowest potential energy level, whilst the surface of the liquid is 
seen to gradually increase in height as the tank is filled up. If the plate connected to 
electrical ground is mapped onto the base of the tank and the second capacitor plate (the 
upper plate) is mapped onto the surface of the liquid level, it is straightforward to infer 
that the voltage potential at a node located at the intersection of the resistor and 
capacitor (node B for the circuit Case 1 in Appendix H), will increase from zero voltage 
potential to a presumed level. This is in line with the concept of the charging of a 
capacitor and the voltage levels expected across it, with respect to time, in Case 1 of 
Appendix H. With such mapping, the visualization of the filling up of the container 
Results  Page 169 
naturally infers that the voltage potential across the capacitor with respect to ground will 
increase. 
 
This same concept is much more difficult to visualize for the circuits of Figure 61 and 
Figure 62 because neither plate of the capacitor is connected to ground. In fact in both 
these cases the voltage potential at the intersection of the capacitor and the resistor 
(node B for the circuit Case 2 in Appendix H), with respect to the ground point 
decreases while the capacitor charges.  
 
The circuit configurations in Figure 61 and Figure 62 were much less frequently 
sketched by participants. The overall configuration of these circuits resembles the 
common format of Figure 52 and Figure 53 except for the fact that the resistor and 
capacitor symbols are swapped. The electrical function of the circuits shown in Figure 
61 and Figure 62 is conceptually related to that of the circuits in Figure 52 and Figure 
53, but voltage measurements at salient points in the circuits are not identical. 
 
 
 
Figure 61: Alternative, less common configuration of 
electrical circuit schematic featuring a SPST switch. 
Figure 62: Alternative, less common configuration of 
electrical circuit schematic featuring a SPDT switch. 
 
Participants had a fixed, mental image of what a circuit schematic diagram of a resistor-
capacitor circuit should look like. The consequences of this phenomenon imply that 
participants may be biased and limited when faced with unfamiliar configurations of 
this same circuit such as the set in Appendix H. This tendency for a biased approach to 
resistor-capacitor circuits may stem from instructional methods, the teaching material 
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offered in books or the internet, and also the structure-mapping of the device 
topological structure with the ‘water tank analogy’. 
 
4.6.3 Preliminary Conclusions. 
 
The concluding remarks arising from Section 4.6 may be summarized by Figure 63. 
This section has proposed that learners’ prevalent choices about their resistor-capacitor 
circuit schematics reveal a strong structure-relational mapping onto the simple 
hydrological system of the ‘water tank analogy’, one of the preferred analogies revealed 
by the analysis of Section 4.5.  
 
Figure 63: Two categories of learners’ typical mental representation of an RC network – the circuit schematic 
and the ‘water tank analogy’. 
 
The selection, location, orientation, sequence and relations of the object attributes  of 
the electrical circuit schematic device topology map strictly onto the object attributes 
and relations of the ‘water tank analogy’. This may have various consequences on the 
learners’ ability to develop cognitive flexibility when endeavouring in advanced 
knowledge acquisition, (Spiro et al., 1987; Spiro et al., 1988a; Spiro et al., 1988b). The 
work conducted by Gentner and Gentner (1983) indicates that the information in a 
user’s mental model will be directly related to the inferences the user can draw from a 
particular analogical comparison. Hence, structural relations from the ‘water tank 
Learner's typical 
mental representation 
of an electrical RC 
network 
Electrical circuit 
schematic composed 
of accepted symbols 
one particular device 
topological structure 
envisioning of one 
particular electrical 
circuit function only 
'Water tank analogy' 
as in Figure 26 
device topological 
structure 
envisioning of function 
One-to-one structure 
mapping process 
Results  Page 171 
analogy’ are expected to be reflected in inferences about the electrical resistor-capacitor 
network. While in certain instances this might be an aid to understanding the circuit, in 
other cases such as those in Appendix H, whereby the circuit configuration does not 
conform to the analogical structure mapping, learners’ envisioning of circuit behaviour 
may be impaired rather than helped. 
The ‘water tank analogy’ is frequently used by teachers as an introductory analogy to 
the topic of resistor-capacitor networks. It classifies as a naïve problem representation 
because it is composed of familiar, visible entities, and as a runnable model, it is 
developed through operators that correspond to events which occur in real time (Larkin, 
1983). The memory representation of visual information sources is largely related to the 
initial learning processes used to acquire information (Gobert, 2007). Such naïve 
representations as the ‘water tank analogy’ may have a powerful tendency to 
extensively limit learners’ understanding to just those aspects covered by the mapping 
of the single analogy. Indeed Spiro and his colleagues (1988b) warn of the dangers of 
adopting a single, simplistic, introductory analogy lest it become a serious impediment 
to fuller and more correct understandings later on in the learning process. As discussed 
in Sections 2.1.2.3, 2.1.2.4  many authors advocate multiple conceptualizations of a 
domain by the employment of integrated, multiple analogies and qualitative, causal 
models. 
Apart from the dangers of employing a single analogy, and suffering the effects of a 
unique structure-mapping process, the learner might experience difficulty with the 
interpretation of the circuit schematic as a scientific diagram (Lowe, 1988, 1989a, pp.7-
8, 1989b, pp.27-29, 1990, pp.191-195, 1994, pp.208-210, 1995, pp.467-471). The 
novice learner may have little sense of what information within the circuit schematic is 
particularly salient to its interpretation and may place significance onto components or 
relations which deviate attention from the main focus of the problem. An interpretative 
approach based on the visuo-spatial characteristics of a scientific diagram, or related 
analogy, usually indicates a poor mental representation of a domain. Great care must be 
taken when attempting to combine a diagram’s individual constituent graphic elements 
into a coherent whole and interpreting the diagram relations on a global level. This 
should be conducted on the basis of relationships which hold in the specific knowledge 
domain of the task in question, and not on any related analogies. Learners need to do 
much more than decode symbols and map relations onto particular analogies. They must 
Results  Page 172 
also check the validity of inferences and combinations thereof, against the laws 
pertaining to the knowledge domain of the problem task. In this way, the higher-order 
relations of a scientific diagram such as an electrical circuit schematic should become 
apparent to the learner, enabling him/her to access more of the implicit information 
which the diagram provides. 
 
4.7 Synopsis 1 – Relationship between Analogy and Circuit Schematic 
Diagram Prior to Teaching Intervention. 
 
Section 4.5 and Section 4.6 have reported about the characteristics of analogies of RC 
circuits held by participants and their preferred way of drawing an RC circuit schematic 
diagram. These sections answer research questions 1.2 and 1.3 in Table 2 of Section 1.2, 
page 10. The diagram of Figure 64 represents the schemata which participants may 
possess about the topic of simple resistor-capacitor circuits at the pre-test stage and 
starts answering research questions 1 and 1.1. At this stage of the research, it may be 
concluded that participants’ preferred analogy of a simple RC circuit is that of the 
‘stand alone water tank’, or ‘bucket’. Participants had a preferred pattern of how to 
draw the circuit schematic diagram, and the reason for this may stem from the 
analogical structure-mappings with the ‘water tank’ analogy. Figure 64 depicts this 
relationship for the events of circuit ‘charging’ and ‘discharging’, while not excluding 
that there may be other relations with other forms of representation of simple RC 
circuits. 
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Figure 64: Revealing participants’ schemata for the topic of RC circuits – the relationship and structure mapping occurring between analogy and circuit schematic diagram. 
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At this point, the research suggests the following hypothesis: 
 
1. Probably, a circuit configuration which is drawn in a different way from the one 
typically preferred by participants would disrupt the course of participants’ 
thinking, since they would not be able to use direct structure-mapping 
techniques to map the given circuit diagram to the analogy of the ‘stand alone 
tank’ or ‘bucket model’. 
2. Since most participants held the attribute of containment as one of the dominant 
characteristics of analogies for an electrical capacitor, they would probably find 
difficulty when the problems given necessitate other attributes for the modelling 
of a capacitor, for example, coupling characteristics. 
 
These two hypotheses will be tested in greater detail in Sections 4.8 and 4.9. One point 
which arises from Section 4.5 is a guiding path for designing the characteristics of any 
novel analogies for the electrical capacitor. It can be conjectured that any novel model is 
expected to prove most beneficial for these participants if it is a qualitative, concrete 
type of visual model which enables the participants to make the most of their active, 
sensing learning styles. 
 
4.8 Visual-Verbal Relationships between Voltage-Time Graphs and 
Technical Jargon. 
 
This section answers research question 1.5 from Table 2 of Section 1.2, page 10. Full 
details about this theme can be accessed from the published paper, (Pule', 2012a). This 
theme stemmed from observations conducted during the pilot study (Pule', 2012b). The 
scope for further investigation of this theme in the main study was to strengthen the 
evidence for claiming that participants in the groups investigated had developed visual-
verbal paired associations between graphs and technical jargon used for the topic of 
resistor-capacitor circuits; more specifically, that participants would always tend to 
associate the graph shape of Figure 95 in Appendix M, with the verbal description of 
the word ‘charging’; and the graph of Figure 96, with the verbal description of the word 
‘discharging’. 
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Pule’ (2012a) shows under which circumstances a student at times tends to use the 
graphs in Appendix M as conceptual pegs to the words ‘charging’ and ‘discharging’, 
even when the functional information gathered from an intermediary source such as the 
circuit schematic is in opposition to their visual-verbal associations. 
 
Apart from providing evidence for such a claim, Pule’ (ibid.) gives foresight about the 
circumstances which could prove seriously challenging to students while working out 
the given problems about such simple RC circuits. The first predictor factor is that 
students would find those questions which featured the coupling attribute of the 
capacitor more challenging than the storage attribute. Thus, participants would be 
confused when the information gathered from the circuit schematic and/or graph 
seemed not to be coherent with their verbal descriptions of the status of the circuit. 
 
4.9 Relationship between Electrical Circuit Schematics and corresponding 
Voltage-Time Graphs. 
 
While Section 4.8 focused on the relationships in between voltage-time graphs and the 
technical jargon associated with them, Section 4.9 revisits such analysis, but places 
more emphasis on the links in between the properties of circuit schematic diagrams and 
the graphs used to describe the changes in status of the circuits. Section 4.9 therefore 
answers research question 1.4 in Table 2 of Section 1.2, page 10. As in Pule’ (2012a), 
the data analysis process was approached through the hypotheses listed in Table 31. 
This section supplements the evidence presented in Pule’ (ibid.) by focusing on 
Hypothesis 3. 
 
Table 31: Researcher’s hypotheses 
Hypothesis 1 
Most participants would tend to have preconceived ideas regarding the shapes of graphs associated 
with the output of particular circuits. More specifically, it was hypothesized that participants would 
tend to always associate the graph shape of Figure 95 of Appendix M with a charging capacitor and 
the graph shape of Figure 96 of Appendix M with a discharging capacitor, irrespective of the 
configuration of the circuit. 
Hypothesis 2 
As a consequence of Hypotheses 1, participants would experience conflict when they encountered 
circuit situations which challenged their pre-conceived ideas about circuit behaviour and 
corresponding output graph shape. 
Hypothesis 3 
Affordances3 of the circuit schematic and the corresponding graphical representation would influence 
the participants’ responses as conjectured in Hypothesis 1. The affordance of the circuit schematic 
relates to the presence or absence of a voltage source in the loop formed by the circuit. The affordance 
of the graphical representation relates to its piece-wise slope. 
Hypothesis 4 
Most participants would not be aware that, for some particular circuit configurations given, the output 
voltage could rise above or fall below the voltage range of the ideal voltage source given in the 
problem. 
                                               
3
 Affordance: A visual clue to the function of an object 
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4.9.1 Findings and Interim Discussion 
 
4.9.1.1 The Bias Category 
 
Quantitative pre-test and post-test results for the ‘Bias’ category are presented in 
Section 5.1 for the scope of comparison. Here, only the qualitative responses of 
participants will be presented. Responses for question C.1 of the ‘Bias’ category 
showed that participants were biased in thinking that the shape of the voltage waveform 
of node B with respect to ground would be identical for both circuits given. These 
participants thought that the series connection would ensure the same current in the 
loop, and that therefore, the same voltage characteristics would be expected, once: (a) 
the node of interest was identical, and (b) the measurement was still taken with respect 
to ground. The following quotation illustrates the typical reasoning such participants 
employed: 
 
‘... if I compare to the water analogy, putting the narrow pipe [referring to resistor] 
before or after the tank [referring to capacitor], as long as you have continuous flowing 
... it’s the same. So you can put the resistor before or after and the capacitor will still 
charge at the same rate.’ 
 
This is a clear example in support of Johsua and Dupin’s findings on students’ 
representation of the circuit as employing an oriented, moving fluid metaphor, which is 
dominant over voltage reasoning and is more suggestive of current reasoning (Johsua 
and Dupin, 1985, pp.131-133). For others, whose thought tended more toward voltage 
reasoning, the following pattern of thinking was common: 
 
‘... that makes a difference, with respect to ground. So, if I have a capacitor down here, 
and I put the switch on, I will see a low voltage and then it increases. Whereas, if I’ve 
got a resistor down here, and I put the switch on, I shall see a high voltage, and then it 
decreases, ...  so it’s not the same. If we’re taking from node B. I’m going to say option 
B, because, it’s telling me that I measure from node B, so if the capacitor is placed 
down here, all the voltage will be taken by the resistor, ... It’s true that you have the 
current, by Kirchhoff’s Law, if here you have current ‘I’, then this current ‘I’ must be 
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the same, but this cannot change immediately. So, it cannot be otherwise than like this, 
the resistor takes up all the voltage at first, and then when this [the capacitor] starts 
increasing, the other one decreases, ... so they are different.’ 
 
Some Electrical Engineering Year 2 participants related the two circuits of question C.1 
of the ‘Bias’ category to different kind of filters, from their prior knowledge of a.c. 
theory, even though in this study, only a d.c. source was presented. 
Responses for question C.2 of the ‘Bias’ category showed that participants had a 
tendency to associate the given graphs strictly with the charging and discharging of a 
capacitor, even though they were not provided with information about the circuit 
schematic and the voltage measurements considered.  This supports Hypothesis 1 and 
triangulates the outcomes in Section 4.8. 
 
4.9.1.2 The Graph Given Category 
 
4.9.1.3 Collective Responses related to the Graphical Attributes of the Circuit 
Schematics and Graphs of Cases 1 to 8. 
 
The fifth columns of Table 32 and Table 33 summarize the cases in the pre-test where 
participants found the attributes of the graph as complementing or contradicting the 
accompanying circuit path (charging path or discharging path). In the fourth columns 
the tables also highlight the verbal description used by the majority of participants from 
all groups (Pule', 2012a), together with the reasons for conflict given by the Electrical 
Engineering Year 1 group. 
 
The sixth and seventh columns of Table 32 and Table 33 describe the features 
pertaining to the circuit connections and the graphs. The column labelled ‘Steady State 
Loop’ describes the presence or absence of the d.c. power supply in the closed loop 
identified in the circuit. The column labelled ‘Slope of Graph’ describes the piecewise 
rate of change of the voltage of node B with respect to ground from the instant the 
switch is flipped to the steady state reached by the circuit. 
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Table 32: Collective listing of participants’ responses to the Pre-test for Cases 1 to 4 
1 2 3 4 5 6 7 
Case 
no. 
Circuit Path Graph Shape 
Verbal Description 
given by majority of 
participants from all 
groups
4
 
Participants’ Pre-test 
responses to: 
 
‘Does the graph 
complement or contradict 
the information you get 
from the circuit?’ 
Steady 
State 
Loop 
Slope of 
Graph 
 Initial Condition Steady State      
Case 
1 
  
Charged Complements 
Includes 
Power 
Supply 
Positive-
Zero 
Case 
2 
  
Charged 
Contradicts 
 
(Reason of mismatch 
given by majority of 
EEY1 –both shape and 
values on y-axis) 
Includes 
Power 
Supply 
Negative-
Zero 
Case 
3 
  
Charged 
Contradicts 
 
(Reason of mismatch 
given by majority of 
EEY1 –both shape and 
values on y-axis) 
Includes 
Power 
Supply 
Negative-
Zero 
Case 
4 
  
Charged Complements 
Includes 
Power 
Supply 
Positive-
Zero 
 
 
                                               
4 Details given in PULE', S. 2012a. The formation of visual-verbal paired associates for resistor-capacitor series circuits. Global Journal of Engineering Education, 14(2), pp.143-154. 
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Table 33: Collective listing of participants’ responses to the Pre-test for Cases 5 to 8 
1 2 3 4 5 6 7 
Case 
no. 
Circuit Path Graph Shape 
Verbal Description 
given by majority of 
participants from all 
groups
5
 
Participants’ Pre-test 
responses to: 
 
‘Does the graph 
complement or 
contradict the 
information you get from 
the circuit?’ 
Steady 
State 
Loop 
Slope of 
Graph 
 Initial Condition Steady State      
Case 
5 
  
Discharged 
Contradicts 
 
(Reason of mismatch 
given by majority of 
EEY1 –both shape and 
values on y-axis) 
Does not 
include 
Power 
Supply 
Positive-
Zero 
Case 
6 
  
Discharged Complements 
Does not 
include 
Power 
Supply 
Negative-
Zero 
Case 
7 
  
Discharged 
Contradicts 
 
(Reason of mismatch 
given by majority of 
EEY1 –both shape and 
values on y-axis) 
Does not 
include 
Power 
Supply 
Positive-
Zero 
Case 
8 
  
Discharged 
Contradicts 
 
(Reason of mismatch 
given by majority of 
EEY1 – values on y-axis) 
Does not 
include 
Power 
Supply 
Negative-
Zero 
 
                                               
5 Details given in Ibid. 
 
Results  Page 180 
Two observations may be disclosed from Table 32 and Table 33. 
1. In the cases where the participants found the circuit path descriptions as 
complementing the accompanying graphs, the configuration of the RC sub-
circuit was such as to position the resistor vertically and in line above the 
capacitor. Such were Cases 1, 4, and 6. 
2. Participants found the circuit descriptions as complementing the accompanying 
graphs, once again for Cases 1, 4, and 6 when the following conditions were 
satisfied: 
 
 Either: The steady state loop present in the circuit included the supply 
AND the piecewise slope of the graph went from Positive to Zero. 
 Or:  The steady state loop present in the circuit did not include the 
supply AND the piecewise slope of the graph went from Negative to Zero. 
 
Participants found conflict where the cases mentioned above had features which were 
combined differently, namely Cases 2, 3, 5, 7, and 8. The complementary observations 
disclosed from Table 32 and Table 33 are the following: 
 
1. In the cases where the participants found the circuit path descriptions as 
contradicting the accompanying graphs, the configuration of the RC sub-circuit 
was such as to position the capacitor vertically and in line above the resistor, 
with the exception of Case 8. 
2. Participants found the circuit descriptions to be contradictory to the 
accompanying graphs when the following conditions were satisfied: 
 
 Either: The steady state loop present in the circuit included the supply 
AND the piecewise slope of the graph went from Negative to Zero. 
 Or:  The steady state loop present in the circuit did not include the 
supply AND the piecewise slope of the graph went from Positive to Zero. 
 
The only exception to the above claims is Case 8. In this case, the resistor was 
positioned vertically and in line above the capacitor. Also, the loop present in the circuit 
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did not include the supply AND the piecewise slope of the graph went from Negative to 
Zero. Nevertheless, participants still found conflict with this case. It can be inferred 
from the Electrical Engineering Year 1 responses found in Table 76 on page 303 that 
this case is an exception because the majority of students found conflict with the values 
on the y-axis of the accompanying graph rather than with the shape of the graph. For 
detailed interview transcripts and discussion about Case 8 refer to (Pule', 2012a) and 
Section 4.9.1.4.4. 
 
4.9.1.4 Detailed Descriptions of Cases 1 to 8 according to the Features of the Circuit 
Schematic. 
 
4.9.1.4.1 Cases 1 and 6 – Resistor on top of capacitor, switch on upper rail. 
 
Analysis of the interview transcripts revealed that for Cases 1 and 6 in Table 32 and 
Table 33, most participants responded with quick, short, decisive answers indicating 
that they were confident that their answers were correct and did not need any 
deliberation whatsoever. Most of the answers given in response to these questions were 
single word or single phrase answers featuring the words: ‘charging’, ‘discharging’, or 
‘the graph complements my reasoning’. Most participants took very little time to reach 
a conclusion about the behaviour of the circuit in the Cases 1 and 6. The quantitative 
results shown in Table 69 and Table 70 of Appendix P confirm that for Cases 1 and 6, 
difficulties were at a minimum, even in the pre-test, with over 83% of all participants 
obtaining a correct answer while being in agreement with the graphs presented. 
 
4.9.1.4.2 Cases 2 and 5 – Capacitor on top of resistor, switch on upper rail. 
 
For Case 2, Table 71 in Appendix P shows that the majority of participants stated that 
the circuit charged, but they were in disagreement with the corresponding graph. This 
supports Hypothesis 1 and 2.  A minority of participants from both engineering groups 
stated that the circuit charged and the graph complemented their reasoning. Although 
this may seem to undermine Hypotheses 1 and 2, the interviews revealed students’ true 
thinking pattern while problem solving Case 2.  The path of reasoning taken by some 
participants was as outlined by this comment: 
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‘Ah! ... now they [the resistor and capacitor] are swapped, ... circuit charged, but we 
are now measuring across the resistor, so ... the charging graph is upside down 
[referring to Figure 95 in Appendix M and drawing Figure 96 on rough paper], ... yes, 
... ok, ... the graph is all right’. 
 
This reasoning indicates that the participant was keeping Kirchhoff’s voltage law in 
mind, in graphical format
6
.  It also indicates, like the outcomes of Section 4.8, that the 
participant assigned particular labels to the graphs of Appendix M (Pule', 2012a). The 
reasoning seems to follow a logical path whereby once the status of the circuit was 
established, a logical decision by mutual exclusion was used to identify one, out of just 
two possible graphs, as the correct answer; namely, either the graph in Figure 95 or that 
in Figure 96 of Appendix M, depending on the component, resistor or capacitor, across 
which the voltage measurement was taken. This kind of reasoning does not suggest that 
the participant had a visual representation of the voltage at node B of the circuit. 
Instead, it suggests that the participant arrived at a correct answer purely by logic. Due 
to the restricted repertoire of graphical representations and verbal labels assigned to the 
possible circuit status possessed by the participant, in this case this logic  happened to 
arrive at the correct answer.  Such an event does not refute Hypothesis 1 but acts to 
support it. For Case 2, a small number of participants also responded that the circuit has 
discharged. This is clearly incorrect. A quote from the interview transcripts reveals that 
participants who responded in this way decided to, ‘not even look at the circuit. I look 
directly at the graph’. Hence, they focused on the information given by the graphs only 
and discarded the information given by the schematic diagram of the circuit when they 
sensed a conflict between these two. Such an event supports Hypothesis 2 and lays the 
foundations for support of Hypothesis 3 since students felt they needed to adopt a 
selective strategy for coping with the exercise. 
 
For Case 5, Table 72 in Appendix P shows that the majority of participants stated that 
the circuit discharged, but they were in disagreement with the corresponding graph. 
This supports Hypothesis 1, 2 and 4. The excerpts in Table 34 and Table 35 show 
participants’ pattern of responses. 
                                               
6
 Discussion about this claim may be found in PULE', S. 2012b. Students' versatility with resistor capacitor circuits. International 
Journal of Electrical Engineering Education, 49(4), pp.419-443. 
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Table 34: Electrical engineering student (A) reasoning about Case 5. 
Interviewee Interviewer 
 How did you expect the graph to be like, if it were not given? Can 
you draw it please? 
… I would draw a discharge graph like this [uses rough paper it 
looks like Figure 96 of Appendix M]. 
 
 From which voltage to which voltage? 
…. From 10 volts to ground. … I thought it would always be 
positive, …. From positive to ground. Not from negative. I prefer it 
like this, … because when we used to draw the discharging of a 
capacitor it was always from positive to negative. We never did this 
[pointing to the graph given in Case 5], …. I mean this [the graph 
in Case 5], … automatically, will be recognized as the charging of 
a capacitor, …. Because you don’t look at the numbers at all, just 
at the shape and you conclude, … yes just at the shape and nothing 
else. Here it gives the opposite information, conflicting 
information. 
 
 
Table 35: Electrical engineering student (B) reasoning about Case 5. 
Interviewee Interviewer 
… first it charges then discharges. From zero to minus 10. For me 
this charges, and then when it’s up there, at 10 volts, it discharges, 
like this, …  if there was no graph, it does this, … in the first part, 
…then in the second part, it does like this.  [draws consecutive 
figures in Appendix M on rough paper]. 
 
 So it seems the graph does not match with your reasoning? 
Well, for me, … it does not match my reasoning.  
 So what strategy are you going to use to continue solving the 
problem? Are you going to focus on the circuit or on the graph? 
Since you don’t agree with it. 
This says that it has charged from minus 10 to zero, here in the 
graph. If I look at it carefully, and I say that it has charged from 
minus 10 to zero – well that makes sense. It makes sense. But then 
here [circuit], it has charged to plus 10. … unless …mmm … I’m 
going to stick to the graph. 
 
 
The participant in Table 34 stated explicitly that the dominant feature of the graph in 
Case 5 was its shape and not the values on the y-axis. This statement is clearly in 
support of Hypotheses 1, 2, and 3. The jargon used by the participant in Table 35 also 
supports Hypotheses 1, 2, and 3 since the student transformed his verbal description of 
the steady state of the circuit, so that this matched his preconceived ideas better. Note 
that the circuit in Case 5 would usually be described as discharging, but this participant 
chose to describe it as ‘charging from minus 10 to zero’. Describing the circuit as 
‘charging’, made ‘sense’ to him because such a verbal expression described the graph 
given in terms of his preconceived visual-verbal mental biases regarding graphs and 
their associated labels. 
 
A minority of participants from all groups stated that the circuit discharged and the 
graph complemented their reasoning. This refutes Hypotheses 1 and 2 and so, it is worth 
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investigating in further detail the line of reasoning of these participants. The excerpt in 
Table 36 shows the reasoning of an engineering participant. 
 
Table 36: Electrical engineering student (C) reasoning about Case 5. 
 
Although this participant seems to understand the correctness of the graph, he still states 
that it could be misleading. He concludes his statements for Case 5 by throwing 
suspicion on the validity of the graphs. His statements about the location of 
measurement, the dominance of curve shape and the verbal labelling of the graph all 
support Hypotheses 1, 2, and 3. Other participants chose to aid their own thinking by 
taking a more visual approach and sketching the status of the circuit at salient 
conditions. This is illustrated in Figure 65. 
 
 
Figure 65: Electrical engineering student representation of Case 5. 
 
4.9.1.4.3 Cases 3 and 7 – Capacitor on top of Resistor, switch on lower rail. 
 
For Case 3, Table 73 in Appendix P shows that the majority of participants stated that 
the circuit charged, but they were in disagreement with the corresponding graph. This 
Interviewee Interviewer 
 ...flipping of the switch, position 1, position 2, B to G, ah, so here 
we have that, then once we go here, it will jump to R. Ok, Ah well, 
yeah, it’s being discharged but the graph is a bit misleading but 
it’s correct because it’s across the resistor. 
 
 Does it complement or does it contradict your reasoning? 
It’s complementing, I did not see the negatives first so you’d say it 
is a graph of something being charged, but ... I don’t know. 
 
 Does it complement or does it contradict or are you not sure about 
that graph? Because you said it’s a bit misleading. What makes it 
misleading? 
Well if you don’t have the scale it looks like the graph of a 
charging capacitor, but it’s ok, it’s not ...  
Mhm. I’m just assuming it’s correct. 
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supports Hypothesis 1 and 2.  A minority of participants from all groups stated that the 
circuit charged and the graph complemented their reasoning. As for Case 7, the majority 
of participants stated that the circuit discharged, and that they were in disagreement 
with the corresponding graph, as shown by Table 74 in Appendix P. This again supports 
Hypothesis 1 and 2. A minority of participants from the engineering groups stated that 
the circuit charged and that the graph complimented their reasoning.  
 
The rationale given by those participants who stated that the graphs for Case 3 and 7 
complemented their reasoning merits further investigation. For Case 3 and Case 7, 
participants referred to the fact that the capacitor is ‘directly connected to the supply’, 
both in the initial condition, and during the steady state. They proceeded to state that, 
therefore, the capacitor must be charging all the time, that it ‘starts charging and 
remains charging’ through both states, both in Case 3 and Case 7.  For Case 3, they 
justified the graph by reasoning similar to Case 2, where they made the mutually 
exclusive logical decision about the measurement being taken across the resistor. For 
Case 7, although the circuit configuration was identical to Case 3, it seems that the 
graph shape was enough to justify their conclusion of the state of the circuit as being 
‘charging and remaining charged’, so much so that they did not make any logical 
argument about the measurement being taken across the resistor. 
 
The conversation shown in Table 37  discloses that this participant was confused by the 
way the circuit was drawn. It seems that when node C was not connected to ground, this 
made the circuit look like there was no closed loop. This supports Hypothesis 3. This 
participant tried to actively help himself by redrawing this circuit ‘upside down’, with 
the capacitor positioned below the resistor.  Nevertheless, he failed to retain equivalent 
circuit connectivity true to the pertinent questions and effectively changed the circuit so 
as to make it coincide with his more familiar mental model.  
 
Table 37: Electrical engineering student (D) confused about circuit configuration. 
Interviewee Interviewer 
…That’s confusing me a lot, as a circuit. The fact that there isn’t a 
closed loop [that node C is not connected to ground]… where 
current can go. … There were circuits before where node C was 
connected to ground. [uses rough paper]. You’d have the switch 
before the capacitor, …  
 
 You have to be careful that electrically it is the same circuit. Let’s 
check. This part ok, … now this is not the same, because you 
grounded it. 
Exactly.  
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I’m not comfortable with the schematic diagram, I cannot picture it 
at all. 
 
 You have to be careful not to change the circuit, …otherwise you 
change the question as well! 
Yes I appreciate that. Since I’m not comfortable I’m trying to 
picture it how I know best. 
 
 Yes but you have to be careful. 
In fact it’s not making sense at all, … its confusing me a lot. It 
dosen’t make sense to redraw the circuit and turn it upside down. 
… I’m just trying to imagine it and try to reason things out in 
another way. 
 
 That’s very good, but you need to retain the electrical connections. 
Yes in fact what I drew is not equivalent.  
 
From Table 38, it can be inferred that this student was influenced by the way the circuits 
and graphs were drawn and may have had difficulty visualizing negative voltages. It 
also shows that this participant may have had difficulty in visualizing voltage 
measurements with respect to the referential point of electrical ground. 
 
Table 38: Electrical engineering student (E) confused about circuit configuration. 
Interviewee Interviewer 
I always prefer it when it takes the node from the positive of the 
capacitor to the ground. I always prefer keeping the same shape, 
as we have always been taught, … from plus to ground, that is, to 
zero.  … [referring to Case 2] This is not a problem, because here 
[referring to node C] it’s connected to ground. Not like the one 
before it [Case 3 or 7]. It’s [Case 2] easier to visualize. 
 
I think for me it’s best that the capacitor is at the bottom of the 
circuit, … I understand it better that way. 
 
 Ok. So the visual appearance might be influencing your 
reasoning? 
Yes, I would think it is.  
When you say, … we take the measurement with respect to ground, 
…how can it be if it’s never connected to ground? 
 
 
Such modes of thinking as in Table 37 and Table 38 were not unique to these 
participants only, as other students from all groups exhibited similar reasoning patterns 
for Cases 3 and 7. 
 
4.9.1.4.4 Cases 4 and 8 – Resistor on top of Capacitor, switch on lower rail. 
 
Although Case 4 is configurationally similar to Cases 3 and 7 as regards the location of 
the switch, it seems that this question did not trigger as much difficulties as the latter 
cases, as shown by Table 75 in Appendix P. In fact most participants said that the 
circuit charged and that they were in agreement with the graph, thus refuting 
Hypotheses 1 and 2. During the interviews, there was very little discussion by most 
participants about this question. It is therefore uncertain if participants made any 
distinction between Case 4 and Case 1 as regards the initial condition of the circuit. A 
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few participants, who seemed to have an accurate visualization of the circuit behaviour, 
sketched diagrams such as that in Figure 66 and commented on the initial status of the 
circuit. These participants indicated the presence of the sharp, negative, vertical drop 
which features in Case 4 but not in Case 1. Most of the participants, however, did not 
comment on such a feature of the graph and it may be the case that most were not aware 
of this subtle difference in circuit behaviour. The methodology used in this research 
could not diversify in between such cases if the participant chose not to comment about 
this feature during the interview. 
 
Figure 66: Electrical engineering student representation of Case 4. 
 
For Case 8, Table 76 in Appendix P shows that most participants from all three groups 
replied that the circuit discharged but that the graph contradicted their reasoning.  This 
supports Hypotheses 1, 2, and 4. Only six people (16.2%) from the Electrical 
Engineering Year 2 group were in agreement with the graph shape and values on the y-
axis. These participants seemed to have an accurate visualization of the circuit 
behaviour and many complemented their verbal answers by re-drawing the circuit 
schematic as in Figure 67 to support their claims. Note that the circuit schematic is 
deformed so that the information about the voltage measurement from node B to ground 
is easily visualized by conforming to a spatial, vertical organizational framework of the 
circuit components.  By drawing the capacitor on top of the positive 10Volts battery 
rail, it becomes easy to imagine the 20Volts with respect to ground obtained when the 
capacitor, charged with 10V, is momentarily summed with the battery’s voltage, in 
accordance with Kirchhoff’s voltage law.  
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Figure 67: Electrical engineering student representation of Case 8. 
 
 
4.10 Synopsis 2 - Relationship between Verbal Technical Jargon, Graphs 
and Circuit Schematic Diagrams Prior to Teaching Intervention. 
 
Sections 4.8 and 4.9 have revealed other aspects of participants’ schemata about the 
topic of RC circuits. They continue answering research questions 1 and 1.1 from Table 
2 in Section 1.2, page 10. Specifically, these sections have revealed that particular 
attributes of the diagrammatic displays of the graphical and schematic representations of 
the electrical circuits may be working together with the use of technical jargon in 
relation to the success, or otherwise, of the transfer of knowledge between the Cases 1 
to 8 presented. It seems that, apart from the influence of analogy, these four variables 
act together when participants attempt to transfer their knowledge about simple RC 
circuits to unfamiliar situations: (a) the words ‘charging’ and ‘discharging’, (b) the 
relative positions of the symbols of resistor and capacitor in the circuit schematic, (c) 
the piecewise slope of the exponential graphs, and (d) the presence or absence of a 
voltage source within a loop. This is illustrated in Figure 68. 
Node B 
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Figure 68: Revealing participants’ schemata for the topic of RC circuits – the relationship between technical jargon, graphs and circuit schematics. 
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4.11 Ranking students’ preferences for the novel resources used during the 
teaching intervention. 
 
This section of the findings reports about participants’ feedback regarding the test 
exercises given, and on the resources used during the teaching intervention. Figure 69 
and Figure 70 show participants’ responses to two questions which were posed as a 
conclusion to the pre-test.  
 
 
Figure 69: Participants’ perception of the level of the test 
questions. 
 
Figure 70: Participants’ expectation about the variety of 
responses obtained from a circuit with one resistor and one 
capacitor. 
 
One of the pre-test questions asked the students how they perceived the difficulty level 
of the exercises given. From Figure 69 it is clear that the majority of the participants 
found the exercises challenging but not difficult. From Figure 70, it is also clear that the 
majority were not aware that such a simple series circuit with one resistor and one 
capacitor could generate a variety of responses. The chart of Figure 71 leaves no doubt 
as to the participants’ self-rating of performance after they experienced the teaching 
intervention and were given the opportunity to tackle the same questions a second time. 
Clearly, they felt that the teaching intervention acted positively on their performance 
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and made them feel more confident about their understanding of the topic of RC 
circuits. 
 
 
Figure 71: Participants' self-rating of performance after post-test. 
 
The positive rating regarding participants’ confidence levels after watching the video, 
but before the commencement of the post-test exercises with the use of the other 
resources can be seen in Figure 72. The video by itself was regarded as being very 
useful by the participants, as evidenced by Figure 73. 
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Figure 72: Participants' confidence level after watching video 
but prior to post-test questions. 
 
Figure 73: Participants' rating of the utility of the video clip. 
 
Participants’ discrimination between all the resources presented, before and after use, is 
evidenced in Table 39 and Table 40. Table 39 lists how participants from each group 
ranked the utility of the resources after watching them being used by the presenter in the 
video. At this stage the participants had not experienced the resources first hand. Table 
40 lists participants’ ranking of the resources after they experienced all of them first 
hand. 
 
Prior to their first hand experience, it can be seen from Table 39 that the animation, 
comics, hand-held cardboard models and the ‘3D wooden model’ were the most 
preferred resources for all the three groups. The ‘beer can’ model was the second most 
preferred with Year 2 Electrical Engineering. 
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Table 39: Participants’ ranking of resources after watching the video. 
Options 
Responses 
Year 1 Electrical 
Engineering 
Year 2 Electrical 
Engineering 
Design and Technology 
Post Graduate Teachers 
N = 34 N = 37 N = 7 
Count Percentage Count Percentage Count Percentage 
A. 
When the circuit and the 
corresponding oscilloscope 
waveforms from simulation 
software were shown. 
6 17.6% 5 13.5% 2 28.6% 
B. 
When the presenter explained 
how the capacitor works using 
hand gestures only. 
5 14.7% 2 5.4% 3 42.9% 
C. 
When the presenter explained 
the R-C circuit using the 
dynamic, wooden 3D model. 
14 41.2% 22 59.5% 3 42.9% 
D. 
When the presenter explained 
the response of the capacitor for 
high frequency signals by using 
the beer can model. 
6 17.6% 14 37.8% 3 42.9% 
E. 
When animation, comics and 
hand-held cardboard models 
were used. 
19 55.9% 22 59.5% 7 42.9% 
 
 
Table 40: Participants’ ranking of resources after these were experienced firsthand. 
Model Description 
Mean Rank 
Year 1 Electrical 
Engineering 
Year 2 Electrical 
Engineering 
Design and 
Technology Post 
Graduate Teachers 
N = 34 N = 37 N = 7 
A. The hand-held cardboard model. 1.75 2.58 3.00 
B. 
The animation, where the circuit 
components are superimposed on 
the graph. (seen on video) 
3.71 4.19 4.14 
C. 
The simulations from a software 
package, like Proteus. 
5.07 4.81 5.57 
D. The beer can model. 4.21 4.09 4.00 
E. The comic strips. 4.40 4.50 3.50 
F. The 3D wooden model. 3.59 2.81 2.79 
G. 
The three word sentences given 
as guiding steps. 
5.28 5.01 5.00 
 P-value 0.000 0.000 0.056 
 
 
This result immediately indicates that tangible models may be preferred over intangible 
ones. The information in Table 40 was re-organised into tables Table 41, Table 42, 
Table 43 to reveal more accurately how each group chose to rank the resources after 
they had experienced all of them first hand. The first observation is that for all three 
groups, the hand-held cardboard models and the ‘3D wooden model’ ranked first in 
preference, while the simulations from a typical electronics software package and the 
verbal statements were ranked last in preference. 
 
This result confirms that participants had a strong preference for visual, tangible models 
rather than intangible or more abstract ones. This outcome can be explained by the 
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results obtained in Section 4.2 for students’ learning styles as measured by the Felder-
Silverman Index of Learning Styles. Participants’ choice of visual, tangible media 
supports the outcome which states that their learning styles are Active, Sensing and 
Visual. 
 
General feedback about the resources used in the teaching intervention was also 
obtained. Empirical data is presented in Appendix Q. Participants found that using the 
resources was not complicated and time-consuming, once they were helped in their 
interpretation and operation (Figure 97). They found the resources useful for visualizing 
how the RC circuits work (Figure 98). They rated the quality of the resource in 
providing clear messages of how the circuits work. Although simple in nature, the 
resources still showed circuit behaviour in a certain amount of detail (Figure 99 and 
Figure 100). Participants were also in agreement that, if used by a teacher in class, such 
qualitative resources would complement other teaching methods, thus enabling students 
to learn more quickly and study more efficiently (Figure 101 and Figure 102). Once 
again, although simple in nature, these resources were considered suitable as 
complements to other teaching methods which are normally experienced at university 
level (Figure 103). Used by a teacher, such resources could also aid students’ 
motivation to study the topic of RC circuits in electronics (Figure 104). 
 
Table 44 shows that participants considered such teaching resources as were used in this 
study to be most suitable prior to entry into university or for use during the first year of 
an undergraduate course. In subsequent years, it was expected that such qualitative, 
concrete resources give way to abstract models which lend themselves to quantitative 
analysis of circuits. 
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Table 41: Mean rank of resource use presented in ascending order for Electrical Engineering Year 1. 
 
Mean Rank in 
ascending order 
Year 1 Electrical Engineering 
N = 34 
Best Preference 
 
 
 
 
 
 
 
 
 
Worst Preference 
1.75 A. The hand-held cardboard model. 
3.59 F. The 3D wooden model. 
3.71 B. 
The animation, where the circuit 
components are superimposed on the 
graph. (seen on video) 
4.21 D. The beer can model. 
4.40 E. The comic strips. 
5.07 C. 
The simulations from a software 
package, like Proteus. 
5.28 G. 
The three word sentences given as 
guiding steps. 
P-Value 0.000  
 
Table 42: Mean rank of resource use presented in ascending order for Electrical Engineering Year 2. 
 
Mean Rank in 
ascending order 
Year 2 Electrical Engineering 
N = 37 
Best Preference 
 
 
 
 
 
 
 
 
 
Worst Preference 
2.58 A. The hand-held cardboard model. 
2.81 F. The 3D wooden model. 
4.09 D. The beer can model. 
4.19 B. 
The animation, where the circuit 
components are superimposed on the 
graph. (seen on video) 
4.50 E. The comic strips. 
4.81 C. 
The simulations from a software 
package, like Proteus. 
5.01 G. 
The three word sentences given as 
guiding steps. 
P-Value 0.000  
 
Table 43: Mean rank of resource use presented in ascending order for D&T Post-Graduate Teachers. 
 
Mean Rank in 
ascending order 
Design and Technology Post Graduate 
Teachers 
N = 7 
Best Preference 
 
 
 
 
 
 
 
 
 
Worst Preference 
2.79 F. The 3D wooden model. 
3.00 A. The hand-held cardboard model. 
3.50 E. The comic strips. 
4.00 D. The beer can model. 
4.14 B. 
The animation, where the circuit 
components are superimposed on the 
graph. (seen on video) 
5.00 G. 
The three word sentences given as 
guiding steps. 
5.57 C. 
The simulations from a software 
package, like Proteus. 
P-Value 0.056  
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Table 44: Participants’ suggested use of teaching aids with respect to temporal stage of higher education. 
Options 
Responses 
Year 1 Electrical 
Engineering 
Year 2 Electrical 
Engineering 
Design and 
Technology Post 
Graduate Teachers 
N = 32 N = 37 N = 7 
Count Percentage Count Percentage Count Percentage 
A. 
A-Level / pre-
university. 
27 84.4% 30 81.1% 5 71.4% 
B. Year 1, University. 25 78.1% 17 45.9% 6 85.7% 
C. Year 2, University. 10 31.3% 5 13.5% 3 42.9% 
D. Year 3, University. 6 18.8% 4 10.8% 3 42.9% 
E. Year 4, University. 6 18.8% 4 10.8% 3 42.9% 
 
4.11.1 Preliminary Conclusion. 
 
The results of Section 4.11 indicate that the level of the exercises in this research study 
was appropriate for the participants selected. It reveals that even though participants in 
all the three groups had advanced in their formal engineering or technology education 
classes, they were still unaware of the variety of responses which could be obtained by 
such simple resistor-capacitor circuits. The results in Section 4.11 also reveal that 
participants’ confidence started increasing during the teaching intervention after 
watching the video, but was confirmed highest only when participants had direct 
experience with the more tangible resources of the set provided. Participants’ feedback 
about the resources provided was, in general, very positive. At the end of the exercise, 
the absolute majority of participants were confident that their performance on the topic 
of RC circuits was better than before. 
 
4.12 Chapter Summary 
 
This chapter has presented empirical data collected in order to address the research 
questions presented in Table 2, of Section 1.2, page 10. It started by describing 
demographic information about the participants of this study, and proceeded to present 
the characteristics of participants’ learning styles in terms of the Felder-Silverman Index 
of Learning Styles.  
 
The chapter progressed by giving a general overview of participants’ performance in the 
test questions. It highlighted the categories of questions which were found to be most 
challenging by participants and gave a global indication of the effectiveness of the 
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proposed teaching intervention in the areas where difficulty was more prominent. The 
findings showed clearly that the teaching intervention was successful in addressing the 
prominent areas of difficulty. This chapter also links participants’ performance on two 
sets of questions to the learning styles obtained from the Felder-Silverman Index of 
Learning Styles. The outcome here was that there were no particular types of learners 
who benefitted more than others. It seems that the teaching intervention benefitted all 
types of learners. Participants confidence levels as they worked through the problems 
were also examined. It can be concluded that participants’ confidence about the topic of 
RC circuits decreased at the end of the pre-test but was re-gained during the post-test 
after the teaching intervention. 
 
Following a description of the participants learning styles and their overall performance 
during pre-test and post-test, the results chapter proceeded to tackle particular 
observational points in greater detail. These observations were first revealed through a 
pilot study, published in (Pule', 2012a). There were four themes which stemmed from 
the pilot study and which revealed participants’ pre-conceptions about RC circuits: 
 
1. Participants had preferred analogies which they used to describe the RC series 
circuit configuration. 
2. Participants had a preferred way of drawing the circuit schematic for an RC 
circuit. 
3. Participants employed strict visual-verbal associations. 
4. Participants responded differently to different forms of representation used to 
describe RC circuit behaviour. 
 
Each of these sections was tackled separately, and a brief discussion provided for each 
theme within the said sections and collectively in Sections 4.7 and 4.10. The outcomes 
of the research up to this point were only analytical of participants’ responses to the pre-
test questions. A comparison of pre-test and post-test results is discussed in Section 5.1. 
 
Other than showing the global effectiveness of the teaching intervention, it was of 
interest evidencing which of the teaching resources proved to rank highest in preference 
by participants. This was also provided within this chapter together with a brief 
discussion explaining the findings in light of the literature review. 
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5 Discussion 
 
5.1 Comparison of Pre-test and Post-test Results. 
 
This section answers analytical research question 1.6 from the pre-test stage, and 
analytical research questions 2 and 2.1 from the post-test stage as listed in Table 2 of 
Section 1.2, page 10. 
 
5.1.1 Qualitative Data of Verbal Descriptions within the ‘Graph Given’ Category. 
 
5.1.1.1 Cases 1 and 6. 
 
For Cases 1 and 6, participants’ responses for the pre-test are characterized with short, 
decisive answers featuring the words ‘charging’, or ‘discharging’ (see Table 61 and 
Table 62 in Appendix O). Participants seemed to have little difficulty with these circuits 
because they responded confidently. Their answers, however, were not as elaborate as 
the ones in the post-test. This may mean that participants recognized Cases 1 and 6 as 
familiar circuits and so adopted a process of recognition and statement of fact, rather 
than an in-depth engagement, for describing the behaviour of the circuit. The post-test 
responses are characterized by longer sentences, featuring the circuit connections, the 
nodes in the circuit, and the values of the voltages attained apart from statements about 
the status of the capacitor as being ‘charged’, or ‘discharged’. This means that during 
the post-test, participants chose to tackle these familiar circuits differently than they did 
in the pre-test. They no longer described circuit behaviour on the basis of familiarity 
and recognition. Instead, they chose to analyze in depth the topology of the circuit, the 
behaviour of the nodes, and the numerical quantities of the voltages attained, even 
though they already knew the correct answers to these questions. This evidenced a 
process of greater engagement with the problem to be solved, in contrast to what was 
evidenced by the pre-test responses. 
The following excerpt is taken from a pre-test interview while the D&T participant was 
solving Case 6.   
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‘Well when I was younger, at technical school, I also used to remember the formulas, 
the equations, ... of the time constant, etc. And I used to understand them at the time, ... 
I had got a distinction. Now, I feel a big difference, there is much I have forgotten. Not, 
everything, ... but you become very doubtful, ... so much so that you start doubting even 
the simple things ...   We have studied these at university, ... I had even gone into some 
research, and I saw they were a bit complex, ... and sort of, you try to remember and see 
with what you can possibly grasp, ... and sort of, you don’t really find much. I’m finding 
myself in the situation whereby I’m trying to look and grasp to the past, ... and I’m not 
finding any lifeline. So even the simple things are confusing me and making me doubtful 
right now. I do feel I’m sort of ticking at random, at times! I’m being honest and telling 
you exactly how I feel ... At the time I was doing the research [in the past], ... I was 
finding a lot of equations, ... and it was a bit complex. From internet and books, it sort 
of remained the same style, ... equations, ... very traditional. Maybe one source gives 
you a bit more information than the other, but, ... same style of information. Concepts 
were all similar.  The method of teaching was the same, ... like that used in technical 
school also, ... sort of traditional. Actually without revision, I felt I was going to blunder 
quite a bit!’ 
Such feelings during the pre-test were not uncommon amongst the other participants. It 
is clear that this participant’s strategy for problem solving at this stage involved 
recalling by rote, rather than in-depth analytical thinking. He was aware that his strategy 
was failing him because his recollections of the topic were confusing him, and making 
him doubtful of the information recalled. During the pre-test, it seemed that this 
participant possessed no strategy for organizing his mixed up recollections to try to 
make sense of his own prior knowledge.  During the post-test, this participant replied in 
a manner similar to that presented for other participants, and showed much greater 
clarity of mind when tackling the same question. 
 
5.1.1.2 Cases 2 and 5. 
 
Pre-test responses for Cases 2 and 5 typically involved statements which evidenced that 
participants found the information about circuit status given by the graph conflicting 
with information given by the circuit schematic diagram (see Table 63 and Table 64 in 
Appendix O). Many students expressed that, in these cases, it would be best if the graph 
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were not given, or presented, on the same page as the circuit schematic diagram, 
because it was a source of conflict or confusion for them. One participant proposed that, 
since he felt confused by the graphs, he would have tried to seek a pattern in the 
sequence of other questions from the same category in the test. He suggested that: ‘if 
these ones of the graphs, had to be right after each other, I would have known the 
combination’. Instead of focusing on the task of the question at hand, this participant 
admitted that he would seek an alternative strategy to get at the correct answers, without 
engaging in in-depth analysis, but rather by a process of pattern-seeking in the test 
questions. The nature of the interviewing method used for this research did not allow 
the use of such alternative strategies, and therefore the student had to face his own 
difficulties within each question. 
 
During the post-test, the responses evidenced that, similar to Cases 1 and 6, participants 
referred to the topological structure of the circuit, to the labelled nodes in the circuit and 
to numerical values of the voltages attained, more than simply referring to the circuit 
status as ‘charged’ or ‘discharged’. The post-test responses are characterized by self-
monitoring questions or statements and self-correcting actions with the use of the 
teaching aids provided. It is also clear in the post-test responses that the conflict 
between interpretation of circuit schematic and graphical representation has greatly 
diminished or is totally absent. Moreover, especially in Case 5, the post-test responses 
evidence more focused reasoning in contrast, for example, to that used by Participant 10 
in the pre-test, whose reasoning for getting to an answer proves to be somewhat 
contorted.  
 
5.1.1.3 Cases 3 and 7. 
 
The pre-test situation for Cases 3 and 7 mirrors that for cases 2 and 5, whereby 
participants stated that the graphs were source of confusion (see Table 65 and Table 66 
in Appendix O). Participant 14 in Case 7 adopted an extreme point of view and decided 
to rely exclusively on the graphs rather than on the circuit diagrams for problem 
solving. Her method depended on the strict visual-verbal association between the 
exponential graphs and the words ‘charging’ and ‘discharging’, as discussed in Section 
4.8. Clearly, such a method was as inappropriate as using solely the circuit diagrams for 
the interpretation of the information given in each question. Once again, in the pre-test 
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responses, there is evidence of recall by rote (Participant 16) and use of dichotomous 
reasoning (Participant 12) instead of in-depth analysis of the conditions posed by the 
questions. 
 
The post-test situation for Cases 3 and 7 also mirrors that for Cases 2 and 5, in that 
participants did not find that the information in the graphs conflicted with that given by 
the circuit schematic diagrams. They were also able to provide self-explanations for 
circuit behaviour and focused primarily on the circuit to solve the problem, while later 
referring to the graph to reinforce, or double check their reasoning (Participants 13, 16, 
17). Participant 17 admits that, he continued to ‘take his time and reason out loud’, even 
when he felt confident of his own reasoning.  This participant seems to have realized the 
benefits of verbalizing his own thoughts, and of taking the initiative to express his 
thoughts on paper in the form of drawings or freehand sketches. Indeed, in general, the 
majority of participants during the post-test chose to verbalize thoughts and to make 
more use of the rough paper provided for freehand sketches. 
 
5.1.1.4 Cases 4 and 8. 
 
Participants’ pre-test responses for Case 4 were characterized by short and confident 
answers much as those for Cases 1 and 6 (see Table 67 in Appendix O). As discussed in 
Section 4.9, most pre-test responses were quite dubious regarding participants’ 
distinction between Case 4 and Case 1 as regards to the initial condition of the circuit. 
In contrast, the post-test responses for Case 4 evidence participants’ distinction of the 
dynamics of Case 1 with respect to Case 4. Participants’ descriptions of the dynamics of 
Case 4 feature the presence of the sharp, negative, vertical drop just when the switch is 
flipped. This feature is absent in the dynamics of Case 1. Participant 20 developed such 
a sharp eye for detail at this stage of the post-test, that he was able to criticize the graphs 
given in the test questions. He pointed out that the graph in Case 4 was missing a 
vertical line extending on the y-axis from ten Volts to zero Volts, at Time equals zero 
seconds. This line should have been present in the graph to indicate a non-zero initial 
condition. This was in fact taken into account during the design of the exercise. It was 
decided to omit this line because including it would have had consequences on the 
number of multiple choice graphical options which would need to be made available, 
and this was considered to be cumbersome. Nevertheless, Participant 20 was correct in 
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his criticism of the graphical representations for which the initial condition was not 
zero. 
 
Case 8 was the final question in its category and its location in the test was at the end. 
At this stage, apart from the fact that post-test responses typically feature no 
astonishment on participants’ part as regards the 20Volts level, these responses are 
shorter in length than any of the other responses (see Table 68 in Appendix O). This 
may be due to the fact that participants usually disclosed that, by the end of the exercise, 
their confidence levels about their understanding of resistor-capacitor circuit problems 
was high, and therefore they reasoned out the answers very quickly with respect to their 
own performance in the pre-test.  
 
5.1.2 Quantitative Data of Population Response Shifts. 
 
5.1.2.1 The ‘Bias’ Category. 
 
For question C.1 of the ‘Bias’ category, the analysis was based on the bar charts in 
Figure 74 together with the results of the chi-square tests in Table 45. From Figure 74a, 
it is clear that a number of participants from each of the three groups, (65.8% from 
EEY1, 35.1% from EEY2, 42.9% from DTPGT), selected option A in the pre-test. This 
showed that these participants were biased to think that the shape of the voltage 
waveform of node B with respect to ground would be identical for both given circuits. 
These participants thought that the series connection would ensure the same current in 
the loop, and therefore one would expect the same voltage characteristics once the node 
of interest was identical and the measurement still taken with respect to ground, 
irrespective of the component characteristics in between.  Figure 74b shows that, after 
the teaching intervention, most participants realized that their understanding of this 
phenomenon was incorrect. Table 45 demonstrates that this shift was significant for 
Year 1 (P-value = 0.000) and Year 2 (P-value = 0.000) Electrical Engineering. 
Although, in the post-test, all Design and Technology Post Graduate Teachers (P-value 
= 0.096) also demonstrated that they experienced a shift in their understanding, the chi-
square test result is not significant in this case because the sample size of this particular 
group is very small. Nevertheless, the collective group outcome for this question is 
significant since the P-value (0.000) is less than the 0.05 criterion. This means that the 
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teaching intervention was successful in helping participants understand that the 
graphical plot of a voltage waveform representing the voltage of a node with respect to 
ground depends on the characteristic of the component that lies in between the node of 
interest and the ground point, all other things being equal. 
 
For question C.2 of the Bias category, the analysis is based on the bar charts of Figure 
75 together with the results of the chi-square tests in Table 46. From Figure 75a, it is 
clear that a number of participants from each of the three groups, (76.3% from EEY1, 
54.1% from EEY2, 71.4% from DTPGT), selected option A in the pre-test. This showed 
that these participants tended to associate the given graphs strictly with the charging and 
discharging of a capacitor, even though they were not provided with information about 
the circuit schematic and the voltage measurements considered. Figure 75b shows that, 
after the teaching intervention, most participants realized that this strict association was 
incorrect. Table 46 demonstrates that this shift was significant for Year 1 (P-value = 
0.000) and Year 2 (P-value = 0.000) Electrical Engineering. Although, in the post-test, 
85.7% of Design and Technology Post Graduate Teachers (P-value = 0.051) also 
demonstrated that they experienced a shift in their thinking, the chi-square test result is 
not significant in this case because the sample size of this particular group is very small. 
The collective group outcome for this question is significant since the P-value (0.000) is 
less than the 0.05 criterion. This means that the teaching intervention was successful in 
helping participants realize that, without key information about the circuit schematic 
and the measurements considered, the given graphs should not always be associated 
with the charging and discharging of a capacitor. 
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Figure 74a and 74b: Bar charts showing outcome of pre-test and post-test for question C.1 
 
Table 45: Table showing outcome of pre-test and post-test for question C.1 
Year 
Test 
P-value Pre Post 
Year 1 Electrical Engineering 
(N = 38) 
Response Correct Count 13 31 0.000 
Percentage 34.2% 91.2% 
Incorrect Count 25 3 
Percentage 65.8% 8.8% 
Year 2 Electrical Engineering 
(N = 37) 
Response Correct Count 24 37 0.000 
Percentage 64.9% 100.0% 
Incorrect Count 13 0 
Percentage 35.1% .0% 
Design & Technology 
(N = 7) 
Response Correct Count 4 7 0.096 
Percentage 57.1% 100.0% 
Incorrect Count 3 0 
Percentage 42.9% .0% 
Whole Group 
(N = 82) 
Response Correct Count 41 75 0.000 
Percentage 50.0% 96.2% 
Incorrect Count 41 3 
Percentage 50.0% 3.8% 
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Figure 75a and 75b: Bar charts showing outcome of pre-test and post-test for question C.2 
 
Table 46: Table showing outcome of pre-test and post-test for question C.2 
Year 
Test 
P-value Pre Post 
Year 1 Electrical Engineering 
(N = 38) 
Response Correct Count 9 33 0.000 
Percentage 23.7% 97.1% 
Incorrect Count 29 1 
Percentage 76.3% 2.9% 
Year 2 Electrical Engineering 
(N = 37) 
Response Correct Count 17 35 0.000 
Percentage 45.9% 94.6% 
Incorrect Count 20 2 
Percentage 54.1% 5.4% 
Design & Technology 
(N = 7) 
Response Correct Count 2 6 0.051 
Percentage 28.6% 85.7% 
Incorrect Count 5 1 
Percentage 71.4% 14.3% 
Whole Group 
(N = 82) 
Response Correct Count 28 74 0.000 
Percentage 34.1% 94.9% 
Incorrect Count 54 4 
Percentage 65.9% 5.1% 
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5.1.2.2 The ‘Graph Given’ category. 
 
Tables 69 to 76 in Appendix P list the outcome of each question for the pre-test and 
post-test, for all three groups. The organization of the tables is such as to show the 
percentile quantities of the ways in which participants responded to each question in the 
‘Graph Given’ category. For each group, there is information on the type of response 
given when participants were asked to state a) whether they were in agreement or in 
disagreement with the graph and b) if they considered the capacitor to be charged or 
discharged after the flipping of the switch. For the Electrical Engineering Year 1 group, 
the responses are more detailed. Here, the type of response indicates which specific 
attributes of the graph the participant focused upon, when agreeing or disagreeing with 
this representation. 
 
This quantitative analysis supports the discussion in Section 5.1.1. From Table 69, 
Table 70 and Table 75 of Appendix P, it can be observed that in Case 1, Case 6 and 
Case 4, participants’ performance during the pre-test matched that of the post-test. In all 
other cases however, from pre-test to post-test, there were shifts in responses toward a 
greater number of correct answers, indicating that the teaching intervention was 
successful in instilling conceptual changes in the participants of this study. 
 
5.1.3 Discussion. 
 
Comparison of the pre-test and post-test qualitative and quantitative data presented in 
Section 5.1.1 and Section 5.1.2 allows the conclusion that the teaching intervention has 
been successful in influencing positively participants’ responses about resistor-capacitor 
circuits. After they experienced the teaching intervention, participants tackled the post-
test questions in a more accurate, confident, expert-like way, whereby the explanations 
given were not only more detailed but also more scientifically unified. At this stage, the 
research can claim that the teaching intervention has contributed towards participants’ 
conceptual change about the topic of resistor-capacitor circuits in the way depicted in 
Figure 76. Figure 76 shows additions or modifications to the analogy branch, the graph 
branch and the circuit schematic branch of the schemata possessed by participants. 
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Figure 76: Participants’ schemata of the topic of simple RC circuits after experiencing the teaching intervention. 
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5.2 The Thesis Argument. 
 
A common expectation of teachers is that students can transfer: (a) from Case 1 to other 
cases of charging, and (b) from Case 6 to other cases of discharging as presented in 
Appendix H. The main argument of this thesis, illustrated in Figure 77, states that 
transfer is not easy and automatic, even though the circuits considered are simply 
alternative combinations of the more familiar circuit topologies of Cases 1 and 6. It 
suggests possible reasons why students might find the transfer of knowledge difficult. 
For the scope of this thesis, these reasons stem from perceptual and conceptual 
constraints related to an analogy that is commonly used to explain an RC circuit. It is 
argued that this analogy only maps suitably to Cases 1 and 6, and that it constrains 
students’ thinking, when they are faced with other circuits for which this analogy is not 
as suitable. The consequence of such constrained thinking is a lack of deep, scientific 
understanding of the topic on the students’ part. It reveals that their understanding of the 
topic of RC circuits is still not expert enough, even though, at their level of education, 
this might be expected of them. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 77: A flow diagram of the main argument of the thesis. 
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Figure 78 shows the corrective practice principles employed in this research to address 
the problem presented in Figure 77.  Taking note of participants’ typical learning styles, 
a relatively novel analogy was presented to students. This analogy was designed to 
apply to all the circuit cases presented in this research.  Participants’ thinking was 
expected to be less constrained, and the transfer of knowledge in between circuit cases 
was expected to be easier. Consequently, having a more generalizable analogical tool, 
participants were expected to display better scientific understanding of all the circuit 
cases presented, and to possess behaviours that are more expert-like in nature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.3 Analytic part: Participants’ Schemata for RC circuits. 
 
5.3.1 Statement of Major Findings. 
 
5.3.1.1 Participants’ Schemata about RC circuits Prior to the Teaching 
Intervention. 
 
The first part of this research was analytic. It sought to find the components of 
participants’ schemata about RC circuits and to find how these may be linked prior to 
any intervention. The research questions which addressed this issue are repeated 
hereunder: 
 
Figure 78: Flowchart of the intentions of the teaching intervention: the corrective practice employed. 
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Table 47: Analytic part research questions, prior to teaching intervention. 
1. What verbal or diagrammatic representations are present in learners’ schemata about the topic of 
simple RC circuits resulting from prior learning? 
1.1. How are these linked? 
1.2. Which analogies do they include? 
1.3. If the schemata include the circuit schematic, what is the preferred way of visualizing the circuit 
schematic diagram? As a diagrammatic representation, could this be linked to the analogies 
included in the schemata? 
1.4. How may variations in the topology of the circuit schematic diagram influence the transfer of 
knowledge from topologically and conceptually familiar circuits to other circuits which are 
conceptually similar, but, topologically unfamiliar? 
1.5. Do graphical representations feature within the schemata? Which particular ones? Do 
participants develop visual-verbal paired associates between graphical representations and 
verbal technical jargon? Is this a help or a hindrance? 
1.6. Is there evidence of cognitive flexibility, scientific explanation, and expert-like behaviour 
within and beyond the possessed schemata? 
 
The answers to questions 1 to 1.5 lie in Figure 79, Figure 80, and Figure 81. These 
figures show participants’ schemata for the events of charging and discharging, within 
the electrical circuits presented in Appendix H. Figure 79 shows how the ‘water tank’ 
analogy is typically associated with particular circuit schematic diagrams, with 
particular graphs and with specific words. Figure 80 and Figure 81 indicate which 
circuit scenarios posed little difficulty to students and which other circuit scenarios 
posed considerable difficulties. Question 1.6 is answered further on in Section 5.3.2.2. 
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Figure 79: Participants’ schemata prior to the pre-test. 
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Figure 80: Participants’ schemata revealed during the pre-test – scenarios which posed little difficulties to participants. 
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Figure 81: Participants’ schemata revealed during the pre-test – scenarios which posed difficulties to participants 
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5.3.1.2 Participants’ Schemata about RC circuits After the Teaching Intervention 
 
The research questions that addressed any possible changes in schemata after the 
teaching intervention are repeated in Table 48. 
 
Table 48: Analytic part research questions, after teaching intervention. 
2. What is the influence of the novel teaching intervention in this study upon the verbal and 
diagrammatic representations present in learners’ schemata about RC circuits? 
2.1. Do the participants exhibit more evidence of intellectual growth, of scientific explanation and of 
expert-like behaviour within and beyond the schemata of Figure 79 - Figure 81? 
 
Question 2 in Table 48 is answered by Figure 82. The teaching intervention acted upon 
students’ schemata about RC circuits primarily by providing another analogy which 
students could adopt when solving problems. The first consequence of this was that 
students increased their repertoire of circuit topological structures and of exponential 
voltage-time graphs which can be used to describe circuit behaviour. Another 
consequence of the teaching intervention was to modify the links between the 
components of the schemata for charging and discharging, especially rigid links in 
between words, graphs and circuit schematics which were limiting students’ thinking 
about RC circuits. The provision of another analogy therefore aided students not only to 
increase their knowledge about RC circuits, but also to organize it in more usable, 
general terms. 
 
A case in point is depicted by Figure 83, which describes students’ post-test schemata 
for electrical circuit Case 4, one of the cases which proved easy for students to deduce. 
The pre-test interview conversations revealed that, prior to the teaching intervention, 
students were probably not visualizing the circuit behaviour in a deep, accurate manner, 
although the answers they were giving to the test questions were essentially correct. The 
post-test interview conversations revealed that a deeper insight into the circuit 
behaviour of Case 4 was achieved, by adopting the newly posed analogy. 
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Figure 82: Participants’ schemata of the topic of simple RC circuits after experiencing the teaching intervention (links not shown for maintenance of clarity within diagram). 
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Figure 83: Participants’ schemata after the teaching intervention – a deeper knowledge for Case 4 
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5.3.2 Discussion of Major Findings. 
 
5.3.2.1 Factors which resulted as non-influential, when evaluated against the scope 
of this research. 
 
It is recognized that the perception of the difficulty of a topic may influence a learner’s 
performance when assessed in the said topic. As evidenced by Section 4.3, the 
participants in this study approached the topic of resistor-capacitor circuits with a 
measure of ‘good’, or ‘excellent’ confidence levels. This ruled out the possibility that 
they could have been discouraged by the difficulty associated with such a topic in 
electricity. Although findings in past research suggest that learners at university may 
still have difficulty with fundamental concepts in electricity (Section 2.1.3.7), the 
performance of participants as discussed in Sections 4.3 and 4.4 indicate that they 
seemed to handle adequately the fundamental concepts necessary to solve the test 
questions. Hence, difficulties with the fundamental concepts pertaining to electrical 
circuit behaviour were ruled out as influential factors towards the observed behaviours 
of participants. Consequentially, this ruled out the possibility that participants could 
have had difficulty in circuit recognition and interpretation due to unfamiliarity with the 
circuit symbols, the circuit topological configurations, or else the characteristics of the 
components used. It can be safely stated that participants did not encounter difficulties 
with, for example, the conceptual electric properties of a resistor, a capacitor a switch or 
a battery. Likewise, they did not encounter difficulties with the properties of a series 
circuit configuration, that is, its general current properties and voltage potential 
relationships as dictated by Kirchhoff’s Laws and Ohm’s Law. 
 
Interestingly, although the particular graphic structure adopted for the exercise was not 
the one preferred by participants, as revealed by Section 4.9, it seems that the vertical 
structure selected posed no difficulty when the questions asked for a verbal 
propositional description of the steady state status of the resistor-capacitor circuits. This 
was measured within the category labelled ‘Static charge-discharge’. In this category, 
the performance of participants was very good, irrelevant of the relative location of the 
resistor, capacitor or switch, as discussed in Section 4.9. It needs to be emphasized that 
the questions in the ‘Static charge-discharge’ category required the participant to just 
verbally state the steady state status of the circuit as either ‘charged’ or ‘discharged’, 
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without requiring any description of the voltage waveforms at the salient nodes of the 
circuit. This means that participants were not required to instantiate any mental visual 
imagery, but were only asked to provide a verbal proposition to describe the circuit 
status. This task may have been more straightforward to carry out than the tasks posed 
in the categories labelled: ‘Graph’, ‘Verbal’, ‘Graph Given’, and ‘Complex’, due to two 
factors (a) its inherent abstractness, and (b) its electrical properties. This claim recalls an 
example given by (Johnson-Laird, 1983, pp.156-162) about visualizations of 
placements of cutlery at a table. Johnson-Laird claims that such a statement as: ‘the fork 
is to the left of the plate’ instantiates a detailed and specific spatial, visual image of the 
table layout much more than a statement such as: ‘the fork is beside the plate’, which is 
more abstract in nature, and therefore, more open to interpretation. Participants may 
have performed better on the ‘Static charge-discharge’ exercises because the task was 
more open and did not involve as much generation of detailed imagery responses as 
much as the questions in the ‘Graph’, ‘Verbal’, ‘Graph Given’, and ‘Complex’ 
categories. From the point of view of electrical behavioural analysis, the task required 
from the ‘Static charge-discharge’ category was also simpler than the task required 
from the other mentioned categories because it considered only the steady state 
response of the circuit, while the latter categories required analysis and description of 
dynamic, transient states. 
 
Section 4.3.2.1 indicates that the group performance of participants was also 
independent of the group learning styles as measured by the Felder-Silverman Index of 
Learning Styles. 
 
5.3.2.2 General attributes of participants’ responses. 
 
In addition to the list of typical undesirable behaviours cited in Table 9 of Section 
2.2.4.2 on page 75, the findings of Section 4.3, Section 4.8, Section 4.9 and Section 5.1 
show the following attributes of participants’ responses during the pre-test: 
 
1. Signs of cognitive inflexibility within the topic of simple resistor-capacitor 
circuits. 
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2. Indication of a problem with the transfer of knowledge within circuit 
combinations. Specifically from Case 1 to 2, 3, 4 and from Case 6 to 5, 7, 8 in 
Appendix H. 
3. Lack of scientific approaches for explanations given. 
4. Lack of expertise on how to learn the topic of resistor-capacitor circuits. 
5. Possession of constraints in choice of analogy, in representation of circuit 
schematic, in graphs and technical jargon used to describe various circuit events. 
 
Participants showed signs of cognitive inflexibility because as previously discussed in 
Section 2.2.4.1, they seemed incapable of traversing the landscape of simple Resistor-
Capacitor circuits in multiple ways and deal with a measure of variability in the topic, 
with respect to what they were taught. Inevitably, therefore, they had problems with 
transferring knowledge from the more familiar circuits of Case 1 and Case 6 - the two 
cases typically presented in textbooks, learning materials and class instruction. As 
discussed in Section 2.2.4.2, and evidenced by Section 5.1, they tended: (a) to 
overgeneralize by perceiving the circuits to be the same; (b) to show signs of 
dysfunctional bias by describing dynamic processes in static terms; (c) to rely on a 
single mental representation, that of the ‘water tank’; (d) to fail to observe and use all 
relevant facts, for example the initial conditions of salient nodes; and (e) to generally 
use knowledge rigidly and jump to conclusions without checking them. 
 
The explanations given by participants during the pre-test cannot be classified as 
scientific, according to the characteristics of scientific explanation given in Section 
2.2.2.1. The pre-test responses are descriptive, but not explanatory because they do not 
exhibit the electrical phenomena of resistor-capacitor circuits as manifestations of a 
common concept, and therefore do not foster generalization or specify the causal 
knowledge related to the specific phenomena. The knowledge conflicts experienced by 
participants in the ‘Graph given’ exercise, for example, evidence the lack of 
explanatory power possessed by the limited schemata of participants about RC circuits. 
Clearly, the knowledge and description of the events of ‘charging’ and ‘discharging’ 
were not enough to elicit scientific explanations of the graphical representations in this 
case. 
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This shows lack of expertise as regards the topic of simple resistor-capacitor circuits. 
This lack of expertise at the pre-test stage transpires also from the proposed limited 
indexing of category information in the schemata which participants seemed to possess 
about the topic of resistor-capacitor circuits, a discussion which was taken up in Section 
4.7 and 4.10. Additionally, the lack of expertise was displayed during the pre-test by 
participants’ inability to infer second-order information from the problems, especially 
that describing the initial conditions relating the salient nodes of the circuit before the 
switch is flipped. Although participants used analogical mapping to attempt solving 
unfamiliar circuit cases, just like experts do, participants did so rigidly, using an 
analogy which did not serve all the purposes encountered. Their shortage of expertise 
was therefore also evidenced by the lack of self-monitoring skills and deficiency in 
comprehension failures. 
 
As discussed by Sections 4.5, 4.6, 4.8, and 4.9, at pre-test stage, participants were 
suffering from constraints in the choice of a suitable analogy, in the choice of 
representation of a circuit schematic diagram, of the graphs and technical jargon used to 
describe the RC circuits used in this study. Contrary to the discussion in Section 2.1.2.1, 
where it was suggested that constraints aid insight into the discovery of problem 
solutions, the constraints exhibited by participants of this study limited their cognitive 
flexibility of the topic. The type of constraints possessed were more hindrances than 
aids. It seems that the constraints possessed by participants were not ones conducive to 
a deep, scientific understanding of the topic of RC circuits. The remainder of this 
discussion will explain how unsuitable types of constraints may have developed in 
participants. 
 
5.3.2.3 An explanation of constraints experienced by participants 
 
When attempting to explain students’ constrained behaviour, it is necessary to refer 
again to the wealth of information gathered about the topic of learning electricity. Some 
major works, together with their most important outcomes, were cited in Section 
2.1.3.7. Such literature has presented learners’ beliefs about the important variables of 
current, voltage, resistance and other variables. The past research has also explored 
analogies and reactions to these in relation to electricity. These studies have revealed 
typical important conceptual constraints which a novice learner might bring to, and 
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experience within, the topic of electricity, mainly due to the abstract nature of 
electricity. The tendency to use ‘sequential reasoning’ based on the variable of 
‘current’ is, perhaps, the most important outcome which has important implications for 
this research because, a) the use of the water tank analogy, with current represented as 
the flow of water and b) observations about participants’ finger movements around the 
loops formed within the circuit schematic diagrams, coupled with c) participants’ verbal 
data, all confirm that sequential reasoning was present within the participants’ thinking 
process. 
 
This research has added to the repertoire of difficulties, and to the solutions available to 
address them, by approaching the topic of RC circuits from a cognitive psychology 
point of view, with an emphasis on perceptual influences originating from materials that 
may be used during learning or problem solving of the topic of RC circuits, such as 
diagrams, graphs, words or learning aids. It has taken up the suggestion by Amigues and 
colleagues to: 
 
‘take into account the initial representations of students and to destabilize the familiar 
procedures on which they rested
7‘ (Amigues et al., 1987, p.248). 
 
This especially included the tendency to use ‘sequential’ and ‘current’ reasoning. The 
schemata which participants possessed at pre-test stage (refer to Figure 79) can be 
explained, and supported, by Kant’s proposition that things can be known only by the 
way humans have organized them both perceptually and conceptually. Within this 
research, knowledge transfer beyond the links these schemata offered was the exception 
rather than the rule. It may be stated that such schemata represent all participants knew 
about the topic of RC circuits at the pre-test stage. The elements constituting these 
schemata were both conceptual and perceptual. Such links as shown in the schemata of 
Figure 79 can therefore be considered as the knowledge boundaries possessed at the 
pre-test stage. 
 
                                               
7 Translated from the French quotation: “prendre en compte les représentations initiales des  élèves et  à 
déstabiliser la procédure “familiere” sur lesquelles elle reposait.” 
 
Discussion  Page 222 
The limits of the schemata possessed by students at the pre-test stage can be explained 
in terms of what Zhang referred to as ‘representational determinism’ (Zhang, 1997, 
p.213). The phenomenon of ‘representational determinism’ occurs when the form of 
representation determines what information can be perceived, what processes can be 
activated, and what structures can be discovered from that specific representation. It is 
well documented that external representations can guide, constrain and even determine 
cognitive behaviour. Graphic displays, for example, are known to have different 
representational efficiencies and power for different tasks (Zhang, 1997; Bruner, 1964, 
1966). This can explain why, whatever the form taken by analogies presented by 
participants at the pre-test stage, these mostly featured the function of containment, with 
reference to the capacitor. It is claimed that this is so, not only because through prior 
tuition participants were most probably taught that ‘ a capacitor stores ...’, but also 
because the particular analogy of the ‘water tank’, commonly used by teachers and 
learning materials, graphically affords the function of containment more dominantly 
than any other functions which the capacitor might serve. Thus, due to the phenomenon 
of ‘representational determinism’, invoking the analogy of the ‘water tank’ inevitably 
instantiates and shifts students’ thinking about containment, rather than about other 
properties of a capacitor. 
 
(Zhang and Norman, 1994, p.88) also refer to the phenomenon of ‘representational 
effect’, whereby, different isomorphic representations of a common formal, abstract 
structure can cause dramatically different cognitive behaviours and have substantial 
impact on problem difficulty, even if the formal structures are the same. This explains 
the claims of Figure 68 in Section 4.9.1.3 on page 189 which refers to the different 
performances of students when, within the circuit schematics presented, the resistor and 
capacitor relative positions are swapped. Although the functional structure of the 
individual circuit behaviours belonged to a common conceptual core, having different 
forms of circuit schematic diagrams seemed to be enough to impact participants’ 
performance and cognitive behaviour. This impact resulted in lack of transfer of their 
prior knowledge about the common conceptual core which they should have acquired 
through their prior tuition. 
 
The bonds between the elements of the pre-test schemata in Figure 79 can be explained 
individually in greater detail by theories such as analogical mapping, envisioning and 
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dual coding theory. Figure 84 shows representations of Case 1/Case 6. To make the 
analogical structure more evident in Figure 84, each diagrammatic representation is 
aligned with respect to the others by vertically matching the ground level. Thus for the 
water tank analogy, representation A, the tank is placed on the ground and the bottom of 
the tank is analogical to the electrical ground level. For the schematic circuit diagram 
representations B and C, the lower plate of the capacitor is aligned with the ground level 
(the findings from Figure 56 on page 161 support this). For circuit schematic diagram 
D, the loop of the circuit schematic is aligned with respect to the horizontal wire 
connecting the two ground symbols.  For the graph E, the zero level on the y-axis 
represents voltage level zero, and thus electrical ground. Relations of voltage levels 
taken from the diagrammatic displays are therefore considered within the vertical, 
spatial framework bounded by the ground level from below. 
 
The water level in the tank of representation A is analogical to the upper plate of the 
capacitor symbol in representations B and C. It is also analogical to the dot and arrow 
on the exponential curve of graph E. Hence the structure of the analogy of the water 
tank aligns well with the electrical circuit topological structure of Case 1 and Case 6. 
This structure mapping gives opportunities for the theory of embodied cognition and 
generation of image schemas to apply easily from water tank analogy to circuit 
schematic representations and vice versa, for the envisioning process that occurs when 
starting from circuit diagram representation back towards the generation or recall of the 
qualitative runnable, causal model.  
 
The diagrammatic alignment of representations with respect to ground level, presented 
in Figure 84, mirrors the alignment of cognitive representations which must be involved 
in establishing the relationships between such representations.  Indeed, this is what 
Markman and Gentner (2000) claimed when discussing the process of comparison and 
analogies. Their research shows that cognitive representations are structured, and that 
the comparison process operates to align structures, while being driven by a search for 
correspondences that preserve connections between representational elements. The 
psychological sense of analogical relatedness, therefore, depends on semantic 
commonalities between the relations of the domains being compared. Moreover, 
relatedness depends also on what Markman and Gentner (ibid., p.505) call the 
‘systematicity principle’, which acts to capture a tacit preference for coherence and 
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causal predictive power, rather than for sets of coincidental matches. The structural 
alignments and mapping presented in Figure 84 for Cases 1 and 6 allow the 
systematicity principle to apply in a straightforward way for establishing the mentioned 
relations between the elements of the representations considered. 
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Figure 84: The application of theories cited in the literature to the interpretation and linking of representations for an RC circuit. 
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The structure mapping is not so straightforward when one considers Case 2, for 
example, where the resistor and capacitor positions are swapped. Figure 85 and Figure 
86 show possible scenarios, based on the analogy of the water tank, with which one 
could envision the circuit schematic topology of Case 2. Figure 85 was carried forward 
from participants’ comments about the tank being ‘upside down’. In these figures the 
water tap was replaced by a pump because this facilitates the conception of the water 
source in the analogy. Both have severe limitations as runnable causal models. Figure 
85 can be seen as a direct vertical flip of the water tank analogy representation of Figure 
84A. Here, the water tank is upside down. This is a consequence of the direct vertical 
flip of Figure 84A. Within Figure 84A, the base of the tank was associated with a fixed 
reference point, the ground level. In the circuit of Case 2, if this association between the 
base and fixed reference is kept, the tank needs to be visualized as upside down, 
because in Case 2 the fixed electrical reference point for the capacitor plates is now the 
positive rail of the power supply, and not the zero volts ground level. Hence, in keeping 
this association, one important attribute of the analogy is violated, the attribute of 
containment. As suggested by Tversky (2005), an upside down cup does not afford the 
function of containment. Visualizing the tank upside down violates at least two 
principles of embodied cognition as suggested by Lakoff and Johnson (1980, 1999), for 
the naive interpretation of the analogy: 
 
a) That gravity acts on the water and as a liquid it will ‘spill out’ of the tank, hence 
it cannot be analogical to a voltage level, which clearly does not have the 
property of being able to ‘spill out’.  
b) That the action of filling the tank requires the liquid level to rise upwards. This 
analogy necessitates that while the tank is being filled, the liquid level goes 
downwards. 
 
Another representation can be generated to solve one of these violations. This is shown 
in Figure 86, whereby the tank is inverted to its proper vertical position, i.e. one that 
affords containment. This analogy has broken the association between tank base and 
fixed reference point, in such a way that the water level in the tank is now associated 
with the upper rail of the power supply. It is now the tank which needs to go downward 
so that more volume of water is contained in it. This modification has solved the 
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dilemma for the function of containment, but still retains the cumbersome, unnatural 
requirement that: 
 
a) The tank moves instead of the liquid level when the volume of liquid increases. 
b) The movement is in a downward direction. 
 
The structure-mappings of the analogies in Figure 85 and Figure 86, analogies for Case 
2 based on the water tank model for Case 1/6, clearly violate important principles of 
embodied cognition and are therefore considered cumbersome and unnatural to work 
with. The need for an alternative analogy which would be suitable for all circuit cases 
presented is evident. As Zhang (1997) has pointed out, the determining factors of 
participants’ cognitive behaviours and performance with such problems based on the 
interaction with external representations, suggest that it is not only the structures of the 
mind that are influential, but also the structures of the environment. Cognitive 
operations are therefore representation-specific. In fact Hegarty (2004) suggests that the 
design of external visualizations should be informed by research on internal 
visualization skills, which is the scope of explanations given in Section 5.4 about the 
design of learning aids. 
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Figure 85: Analogy for Case 2, based on the water tank, utilizing vertical flip. 
Figure 86: Analogy for Case 2, based on the water tank, an improvement on Figure 85. 
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5.4 Design Part: Understanding the effectiveness of the proposed teaching 
intervention through the Design of the teaching resources. 
 
This section of the discussion targets the design part of this research. Specifically, it 
targets research questions 3, 3.1 and 3.2 repeated in Table 49: 
 
Table 49: Design part research questions. 
3. How may learners be aided in constraining the problem search space about simple RC 
circuits? 
3.1. How may the dynamic abstract concept of an electrical circuit be visualized 
qualitatively by using its circuit schematic as an external representation? 
3.2. Do learners have preferences for the design of models? 
 
This discussion answers these research questions by reflecting on the major findings 
which relate participants’ learning styles, the resources designed as learning aids and the 
teaching intervention and data-gathering method as a whole. 
 
5.4.1 Statement of Major Findings. 
 
Participants’ learning styles, as measured by the Felder-Silverman Index of Learning 
Styles, were found to be primarily Active, Sensing Visual and Sequential. Although 
most participants rated the video clip as very useful (Section 4.11, Figure 73), they felt 
only slightly more confident after viewing of this intangible type of resource (Section 
4.11, Figure 72). After they completed the post-test exercises and consequently 
experienced the tangible resources as they were working through the exercise, a clear 
majority of the participants felt more confident on the topic of RC circuits and rated 
their performance as better than that at pre-test stage (Section 4.11, Figure 71). 
 
Within the varied types of resources designed, there were clear preferences for the 
handheld cardboard model (Figure 20C) and the ‘3D wooden model’, both visual and 
tangible resources. Overall, the resources were considered to convey clear messages 
about circuit behaviour while giving enough of the details that mattered. The resources 
were considered good complements to other teaching methods because they aided the 
pace and efficiency of the lesson. It was made clear by participants that such resources 
were not to be used as replacements of the more traditional type of quantitative analysis 
usually delivered through a lecturing style of teaching. Also, the resources’ effect on the 
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motivation of a learner was not considered pronounced. It was clear that participants 
considered the ‘forte’ of these resources as being intermediary artefacts which aid the 
process of visualization of abstract functions. The majority of participants suggested 
that such learning aids would be suitable and effective at pre-university level or the first 
year of a university course. 
 
5.4.2 Discussion of Major Findings. 
 
5.4.2.1 Explaining the design of the teaching intervention and the teaching aids. 
 
The teaching intervention was designed to target the Active, Sensing, Visual and 
Sequential learning styles of participants by making use of custom-made resources 
about the topic of RC circuits, and also by allowing the participant to take an individual, 
active learner’s role, by choosing the interview as a data-gathering method, rather than 
employing a class test on the topic. In Section 2.1.1.3.2, Bruner’s suggestions for the 
design of pedagogically sound teaching methods was stated. The crux of the argument 
was that the usual course of intellectual development moves from enactive, to iconic to 
symbolic representations and it is likely that an optimum sequence of instruction should 
progress by the same methods. This suggestion has been instrumental in the design of 
the teaching intervention and the type of resources used in this research. 
 
The teaching intervention used in this research has employed enactive, iconic and 
symbolic representations. All representations were designed to possess features which 
linked them explicitly to other types of representations mentioned, most often by 
perceptual features. As classified by Figure 17 of Section 3.4, the resources were 
categorized as two-dimensional, three-dimensional, tangible, intangible, movable, static, 
graphic and verbal. The media chosen for implementation and the features of each 
resource were designed to appeal to the learning styles outcomes. 
 
5.4.2.1.1 The teaching aids – sources of problem space constraint 
 
The argument in favour of the design and implementation of the teaching resources is 
not only supported by Bruner’s enactive phase of intellectual development, but also by 
arguments from the cognitive sciences, which explain how external representations aid 
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the problem-solving process by constraining the problem search space. Zhang and 
Norman’s concept of distributed cognition, for instance, explains how the employment 
of external representations makes the rules governing a problem perceptually available 
and physically constrained (Zhang and Norman, 1994). As a result, the cognitive load 
involved in the processing of a problem is lightened and the solution becomes more 
error proof. The problem search space is automatically constrained for the problem-
solver. 
 
5.4.2.1.1.1 Constraining by perceptual cue salience, principles of embodied cognition 
and phenomenological primitives. 
 
Constraint of the problem search space is greater if one employs diagrams instead of 
words, as claimed by Stenning and Oberlander (1995), Lakoff and Johnson (1980) and 
Lakoff (1987). This was another reason for designing diagram-based resources, apart 
from the fact that most participants proved to be Sensing, Visual learners and, also, 
apart from the fact that diagrams are commonly used to describe electrical topics, 
anyway. By employing diagrams, or diagrammatic related features, constraint of 
problem space could be further achieved by perceptual cue salience, as suggested by 
Kaplan and Simon (1990) and Larkin and Simon (1987). 
 
An oversized circular graphic object referred to as a node, at the junction point between 
the resistor and capacitor symbol in the electrical circuit schematic diagram, is one 
example of perceptual cue salience, used both in the diagrams used in the test and also 
applied to the models used as learning aids. The principles of embodied cognition and 
perceptual visual chunking (Section 2.1.2.5.3 and Section 2.2.2.2) were used to organize 
the circuit schematic as detailed in Section 3.2.2.4.9. 
The key electrical symbols of battery, resistor and capacitor were organized on a 
vertical framework such that increases in voltage would be reflected as going up, while 
decreases in voltage as going down. On the left-right horizontal dimension, the source 
was always positioned at the extreme left of the circuit schematic, while the loads 
always at the extreme right, reflecting the direction of western language writing and 
usual expression of temporal sequence (Section 2.1.2.5.3). 
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5.4.2.1.1.2 Constraining by choice of analogy and perceptual visual attributes of 
analogy and problem cases. 
 
Problem space constraint was also achieved by using analogy to help participants 
visualize the circuit behaviour. The analogy of the ‘relative-dynamic two-plate model’ 
detailed in Section 3.4.1.1 employed the phenomenological primitives which diSessa 
called ‘springiness’ and ‘Ohm’s Law’ (Section 2.1.3.1).  
 
In addition to phenomenological primitives and rules which acted as sources of 
constraint, the relative-dynamic two-plate model of the capacitor employs literal 
similarity matches (Gentner 1983) with the standard electrical symbol of the capacitor – 
a feature which the familiar, real life, water tank model does not possess. This literal 
similarity establishes perceptual symmetry of the analogy which aids the visualization 
of functional symmetry. This means that the perceptual symmetry that exists between 
the two horizontal lines, in Figure 87, suggests that behaviours of the upper plate A, can 
be mirrored by other circuit configurations, as symmetrical behaviours on the lower 
plate B. 
 
 
 
 
This analogical design, together with the consistent and coherent adoption of the 
vertical framework for the circuit schematic drawings and corresponding graphical 
representations, has enabled additional constraint to be achieved by the symmetrical 
design of Cases 1-8. The symmetry in the design of problem Cases 1-8 was achieved in 
three ways: 
1. Logical symmetry – opposites. 
2. Visual symmetry – reflection and translation. 
The use of symmetry in the design of the problem cases is listed in Table 50, Table 51, 
and Table 52 and illustrated in Figure 88, Figure 89, and Figure 90. Such use of implicit 
Plate B 
Plate A 
Figure 87: Standard symbol of an electrical capacitor 
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visual cues acted as an additional source of external constraint, apart from the 
perceptual cue salience manipulation of each individual circuit schematic diagram. 
Table 50: Logical symmetry – electrical opposites (see Figure 88). 
Discharge – Charge Transition 
Or 
Open-loop to Closed-loop Transition 
 
Charge – Discharge Transition 
or 
Closed-loop to Open-loop Transition. 
Case  Case 
1 ↔ 6 
2 ↔ 5 
3 ↔ 7 
4 ↔ 8 
 
Table 51: Visual symmetry – vertical reflection symmetry with fold line (see Figure 89). 
Discharge – Charge Transition 
Or 
Open-loop to Closed-loop Transition 
 
Charge – Discharge Transition 
or 
Closed-loop to Open-loop Transition. 
Case  Case 
1 ↔ 3 
2 ↔ 4 
6 ↔ 7 
5 ↔ 8 
 
Table 52: Visual symmetry – vertical translation symmetry (see Figure 90). 
Discharge – Charge Transition 
Or 
Open-loop to Closed-loop Transition 
 
Charge – Discharge Transition 
or 
Closed-loop to Open-loop Transition. 
Case  Case 
1 ↔ 4 
2 ↔ 3 
5 ↔ 7 
6 ↔ 8 
 
These perceptual features, relating all problem cases presented, provided participants 
with the predictive power as regards to combinations not yet encountered during the 
course of the exercise. This was considered positive, in the sense that, coupled with 
knowledge of electrical behaviour, the perceptual cues were pre-empting participants as 
to what cases they could expect next and getting hints to their solution by mirroring 
with previously solved cases.  It was noted that for the pre-test, even though these cues 
were given, they must have been interfered with by the ‘water tank’ analogy, because 
participants were unable to use such cues, although some of them proved to be aware of 
the presence of these cues. 
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Figure 88: Logical Symmetry or loops. 
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Figure 89: Vertical reflection symmetry. 
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Figure 90: Vertical translation symmetry. 
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The adoption of literal similarity of the capacitor plates into the analogy has enabled a 
change of attitude on the participants’ part toward the resources from: (a) present to 
hand to, (b) ready to hand to, (c) out of hand! Students initially using the resources 
frequently embodied the analogical rules onto their own hands while adopting a surface, 
such as, the desk surface they were sitting at, to act as the salient reference voltage level 
of zero volts, i.e., electrical ground. The analogical rules of the ‘relative-dynamic two 
plate model’ were embodied by participants’ own hands with the outcome that, by the 
end of the post-test, the learning aids were relatively redundant, and were used simply 
to double check the solutions given to problems. This was considered evidence of 
intellectual growth on the topic in Bruner’s sense, since it characterized independence 
of the response from the initial stimuli (Section 2.1.1.2.2). 
The structure and analogical rules of the ‘relative dynamic two-plate model’ were 
considered superior to those of the ‘water tank’ analogy because they constrained the 
participants to prioritize voltage thinking over current thinking, (Psillos et al., 1988; 
Rosenthal and Henderson, 2006; Johsua, 1982). 
 
5.4.2.1.2 Explaining preferences for the handheld cardboard model and the ‘3D 
wooden model’. 
 
Table 41, Table 42 and Table 43 of Section 4.11 show that the handheld cardboard 
model, specifically model C in Figure 20 on page 103, and the ‘3D wooden model’ were 
the most preferred resources of the set presented in this study. This is attributed to these 
resources’ ability to act as simulators, or dynamic mental models, similar to Barsalou’s 
definition (Section 2.2.3.2.1). Their design facilitated the linkage of perceptual image 
schemas, from the analogy of the ‘relative dynamic two-plate model’ to the electrical 
circuit schematic diagram and to the voltage-time graph. It is clear that participants 
who, in their majority, were Active, Sensing, Visual learners benefitted from and 
preferred the visual and tangible design of these two resources. The process of 
embodied cognition for such learners was facilitated, not only through visual means but 
also through kinaesthetic means. This explains the preference of the handheld cardboard 
model and the ‘3D wooden model’ over the software animation, the comic strips, the 
simulations from a standard software package and the guiding word sentences. It is to 
be noted that although the ‘beer can’ model - another visual, tangible resource - was not 
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rated with maximum preference as the handheld cardboard model and the ‘3D wooden 
model’, the ranking of this resource in average comes close to the first two, probably 
because it possesses similar kinaesthetic attributes apart from visual attributes. It must 
be said that the visual attributes of the ‘beer can’ model were inferior to those of the 
handheld cardboard model or the 3D wooden model. 
 
At this point, therefore, it can be claimed that the preferred resources could have 
appealed to the participants in this study, according to the following priority feature list: 
1. Visual, dynamic, tangible (handheld cardboard model, specifically model C, ‘3D 
wooden model’, ‘beer can’ model); 
2. Visual, dynamic (animation, simulation); 
3. Visual (static comic strip); 
4. Verbal (guiding sentences). 
A closer look at the statistically significant ranking preferences for the engineering 
groups in Table 41 and Table 42, shows that the handheld cardboard model (C) was 
preferred over the ‘3D wooden model’. Apart from a simpler design and greater 
portability, the handheld cardboard model was superior to the ‘3D wooden model’ in 
terms of its generalizing properties and its promotion of active thinking on the 
participants’ part. Participants voiced this during the interviews and claimed that the 3D 
wooden model, with its inbuilt mechanical design, ‘works out the dynamics for you’ and 
thus may promote passive thought only ‘after the answer is provided’. In contrast, 
movement in the handheld cardboard model was not helped by any mechanical design 
but depended solely on the user’s hand or finger manipulations. Such a resource was 
deemed as helping active thinking, in contrast to other resources which may simply 
provide correct answers passively. It was observed that participants usually chose to 
work with the handheld cardboard model C first, and only after they formulated their 
own thoughts would they revert to the ‘3D wooden model’ for verification of the 
answer. Thus, the models within the set provided were also seen to occupy different 
roles during the learning process occurring in the post-test. 
 
 
Discussion  Page 239 
5.5 Relation to the findings of other studies. 
 
This research was inspired by, and therefore related to that of, Kotovsky et al. (1985), 
Simon and Hayes (1976), Hayes and Simon (1977), and Kotovsky and Fallside (1989), 
from the Cognitive Sciences domain. Such research studied the influence of different 
representations of the problem of the Tower of Hanoi. While keeping an identical 
problem-space, different representations of the Tower of Hanoi were presented to 
subjects and their methods of problem-solving and success rates were reported in great 
detail. Similar studies were conducted by Zhang (1991) and Zhang and Norman (1994) 
in the light of a theory of distributed cognition, which states that the abstract structure of 
a task is composed of a set of internal and external representations working together. 
From the domain of research on electricity education, this research is related to the 
works of Johsua (1984, 1988), Johsua and Dupin (1985, 1993), Dupin and Johsua 
(1989), Caillot (1985, 1988), and Pudlowski (1993, 1988). All these authors emphasized 
the influence of perceptual processes in addition to conceptual processes in the 
interpretation of an electrical circuit schematic diagram. The main lessons learnt from 
these studies are that, for novices, the perception of a circuit diagram structure 
dominates over its semantics, such that students’ verbal descriptions, categorization of 
circuits, and problem solving processes are disrupted. Novices’ knowledge is thus 
structured under a prototype format employing a distinct topological effect discernible 
in the interpretation of circuit diagrams. These authors make various suggestions to 
remedy this problem, such as: 
 
1. To utilize less frequently canonical structure formats of circuit schematics when 
teaching (Caillot, 1988). 
2. To evolve away from ‘sequential reasoning’ by encouraging the mastery of the 
electrical graphic code and its spatial relations and by creating constraints within 
this code (Amigues et al., 1987). 
3. To change the perceptive image of the circuit schematic by re-ordering of the 
meshes within it, by exploding nodes within the graphic structure of the circuit 
and by considering global perceptual symmetry (Johsua, 1988, 1984). 
4. To evolve away from the fluid flow analogy into other more suitable analogies 
which bind less with ‘sequential reasoning’ (Dupin and Johsua, 1989). 
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The cited studies have all considered electrical circuits composed only of voltage 
sources and combinations of resistive loads, mainly the series combination and the 
parallel combination, or a mixture of both. This research has moved the field forward by 
extending the claims of these studies into circuits containing one capacitor, apart from a 
voltage source, a resistor and a switch. It has also extended the arguments about 
canonical circuit schematic structure to include structural relations with diagrammatic 
representations of one common analogy, two common graphs and two verbal 
descriptions. 
 
5.6 Limitations of the study apparent during the research or after 
completion of analysis. 
 
5.6.1 Validity and Reliability. 
 
The research is considered internally valid because, as shown by Table 53, explanations 
of events can be sustained by the data collected and by literature. The origin of the 
sample, as composed exclusively of Maltese participants attending the University of 
Malta, is a limiting factor for claiming wider generalization. Such a sample has secured 
homogeneity, but limited the level of generalization which can be claimed. The research 
can claim external validity if a similar Maltese population is studied because the prior 
educational background of Maltese participants will probably be very similar to that 
found in this study and, most probably, outcomes can be extended. For wider external 
validity, other types of populations should be sought. Since the research is based on 
fundamental, cognitive human behaviour, the research might claim a measure of 
external validity across other topics in electrical engineering. 
 
Table 53: Aspects of validity of this study. 
Main Outcome Explanation Literature Support 
Section 4.5  Analogies recalled by 
Participants 
Section 5.3.2.3. Focus on perception 
and visualization of 
circuit 
representation 
 
An explanation of 
constraints 
experienced by 
participants 
Sections 2.1.3.1 - 
2.1.3.6; 2.2.2.2. 
Section 4.6 Participants’ 
Prevalent Choices 
when Drawing a 
Resistor-Capacitor 
Circuit Schematic. 
Section 4.9 Relationship between 
Electrical Circuit 
Schematics and 
corresponding 
Voltage-Time Graphs 
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Sections 4.2, 
4.3, 5.1.  
Learning styles and 
overall performance 
Sections 4.2.2, 
5.3.2.2, 5.4. 
Design of resources Sections 2.1.1.3; 2.1.2.2 
- 2.1.2.5.3; 2.1.3.7.3; 
2.2.3.4; 2.2.3.5. 
Sections 4.8; 
5.1 
Visual-Verbal 
Relationships 
between Voltage-
Time Graphs and 
Technical Jargon 
Section 5.3.2.3.  Constraints by 
visual verbal 
relationships 
Section 2.1.3.7.3. 
 
The reliability of the study is considered high because consistency has been achieved 
through different means. As shown by Figure 9 in Section 3.1.5, triangulation was 
planned through methodological means and through combined level means. This 
research claims consistency of results within the aspects shown in the rows of Table 54. 
 
Table 54: Aspects of consistency of this study 
1 Individual interviews ↔ Group session 
2 Engineering Year 1 ↔ Engineering Year 2 ↔ Design and Technology 
3 Verbal Discussion ↔ Test items ↔ Observations 
4 Within Categories of the test items, for example: 
 ‘Verbal’ ↔ ‘Graph’ ↔ ‘Graph Given’ 
 
5.6.2  Technical and Logistic Limitations. 
 
From technical failure involving equipment, to human limitations, administering the 
method for this research proved to be challenging. One major technical difficulty 
involved the software which was used to present the tests online. The test items were 
uploaded onto the virtual learning environment (VLE) used by the University of Malta. 
The format of the placing of text and images on the screen was prescribed by the 
software. This limited the layout of the visual appearance of information on the screen 
and affected participants when they interacted with the software based tests. Participants 
preferred to have the question text, the images of the question and the multiple choice 
options all visible on the same screen area without having to scroll up or down. VLE 
software did not allow a custom layout of the page, and participants found themselves 
constantly having to scroll the page area. This disrupted their concentration.  
 
The VLE software did not help in the analysis of the data. The automatic scoring of the 
system was not found versatile enough to handle multiple choice questions whose 
options were not mutually exclusive, or were not of the dichotomous right / wrong type. 
Not being able to export participants’ selected options automatically, the data-handling 
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process had to be conducted manually. Participants’ choices were first recorded on 
paper during the interview and then imported manually into the statistical package 
software. This was done for each question, and for each participant. Apart from 
involving an inordinate amount of time, it made the data-inputting process susceptible 
to human error. For Electrical Engineering Year 1, who were managed as a group, the 
difficulties mentioned above were alleviated by adopting a pencil and paper approach 
instead of a software based approach. The effect of scrolling was eliminated completely 
since the paper page layout was designed to fit all the necessary information on one 
page. The data processing still involved manual input into the statistical package, but it 
still saved time compared to the software based system since the data was already 
recorded on paper and access to it was easier. The paper and pencil approach, however, 
solved some of the problems incurred by the VLE, it still had its own disadvantages. 
Analysis of the data was extremely time-consuming and the data inputting process was 
still susceptible to human error. Nevertheless, the pencil and paper approach offered 
participants the opportunity to take the initiative to write comments next to each 
question. Therefore, although time-consuming to analyze, data gathered by the pencil 
and paper method became richer than the software collected data. This was considered 
an advantage. 
 
5.6.3 Limitations of the Test Questions. 
 
All questions in the tests were of the multiple choice type, where the participant was 
requested to tick one or more of the suggested options. This posed a limitation because 
participants were compelled to choose only from the options provided. In questions 
where the participant admitted that he/she had no idea what the correct answer was, the 
given list of options prevented the participant from actively thinking about solving the 
circuit problem. The list provided induced the participant to approach the problem by 
way of elimination of options, and finally make a random choice. This was stated 
openly by some participants during the interview when they were asked to reflect on the 
approaches they might take to solve the given problems. Although the multiple choice 
type of question offers obvious advantages for data analysis, it is susceptible to the 
gathering of misleading data. Since, in this research, the multiple choice questions were 
embedded in an interview which gave way to a detailed discussion, the collection of 
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data was much more robust than it would have been had a questionnaire type of method 
been used. 
 
For some questions the wording and content of the options was a source of weakness in 
the tests. This was not captured by the pilot study. Some participants pointed this out 
during the interview. For example, the questions in the category labelled ‘Static 
Charge-Discharge’ needed amendment due to incongruence of statements originating 
from the incorrect use of English language tenses. Some participants pointed out that 
while the question conveyed the message that the initial condition had gone past its 
settling time, the options were given in the present continuous tense, indicating that the 
action was still going on. This was corrected by expressing the wording in the correct 
way. 
 
The options for the questions classified under the ‘Verbal Statement’ category were 
given as short sentences. In each option, the circuit behaviour was described verbally 
only, without reference to any images or graphs. For selected stages which the circuit 
was made to go through, a completely accurate description necessitated the use of long 
sentences, or the use of more than one sentence, since the circuit performance consisted 
of more than one type of event. In such cases, the researcher had to evaluate the 
consequences of having longer, but more accurate sentences against shorter, more 
reader-friendly ones which risked misinterpretation by the participants. The pilot study 
showed that shorter, more reader-friendly sentences which only described the salient 
parts of certain events were preferred by participants. In this way, the options for the 
multiple choice questions were more homogenous.  
 
The options for the questions classified under the ‘Graph’ category were given as 
graphs. Six exponential curves and two straight line graphs were selected. All curves 
represented the voltage of a salient node in the circuits plotted against time. The graphs 
included the curves of Appendix M and their rotational symmetrical counterparts from 
Figure 91 and Figure 92. The curve shapes in Figure 91 and Figure 92 could never be 
obtained from any of the resistor-capacitor circuits tackled in this study. These graphs 
have been used as distracter options, and their inclusion stemmed from participants’ 
responses for the pilot study as reported in Pule’ (2012b). 
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A dilemma for the consideration of rigorous accuracy against the number of options for 
the questions under the ‘Graph’ category existed as in the ‘Verbal Statement’ category. 
The pilot study showed that, to maintain scrupulous accuracy of the graph shapes for the 
various combinations of circuit behaviour, the number of graphical options would be 
too numerous and confusing for the participant. It was therefore decided to limit the 
number of options and represent only the salient behaviour. 
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Two exponential curves used as distracter options in the ‘Graph’ category. 
 
  
Figure 91: Rotational symmetrical counterpart of Figure 95 of Appendix M Figure 92: Rotational Symmetrical counterpart of Figure 96 of Appendix M 
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5.6.4 Logistics of Organization and Student Motivation. 
 
The administration of the global method involved a total of four hours for each 
participant, conducted on different days. The first two hours were used for the pre-test 
session, while the last two hours for the post-test session. Each two hour period had to 
fit into the participants’ own time schedule. For the Design and Technology 
postgraduate teachers this was relatively easy since they were invited to select the 
appointments according to their commitments. For both engineering groups, the 
appointments had to be organized by the researcher and finding suitable, free time slots 
in the participants’ time tables was very challenging, especially for Year 2 Electrical 
Engineering with whom individual interviews were conducted. To avoid fatigue 
interfering with the outcome of the research, appointments were scheduled for earlier on 
in the day wherever possible. All participants were informed that the sessions were 
quite long and normally took two hours to complete. Every effort was made not to 
exceed this time limit, since the two hour periods tallied with the normal duration of 
lectures at the University of Malta and fit neatly into the participants’ time tables. 
Participants who wished to take the discussion further were invited to contact the 
researcher by email and allot some other time for this. 
 
Motivating the participants to attend the research was handled in three different ways. 
Being fellow colleagues who shared similar interests in educational issues, the Design 
and Technology post-graduate teachers were only too happy to attend and needed no 
incentive other than an invitation. For the engineering groups, a reward scheme was 
used, where participants were asked to attend for an individual interview. For the first 
few interviews of the first session, some Year 2 engineering participants confessed that 
they had attended the session simply to gain the reward. Nevertheless, at the end of the 
same session, they admitted that they had not expected to be challenged on circuits as 
simple as those presented in the pre-test, and felt curious and more intrinsically 
motivated to attend the second session, where the queries which arose from the first 
session would be tackled. Once this relationship was established for the first few 
participants, the effect snowballed, and subsequent participants declared that they were 
eager to attend because their classmates had said that they would gain precious insight 
into circuit behaviour. No reward scheme was used for Year 1 Electrical Engineering, 
because the lecturers did not accept such a strategy. Nevertheless, participants were 
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highly encouraged to attend by the lecturers and this was enough to secure nearly full 
attendance of the Year 1 Electrical Engineering class. 
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6 Conclusion 
 
The outcomes of this study have impact on at least three communities: (a) the Cognitive 
Science community, (b) the Education community and (c) the Technological / Scientific 
community. 
 
Within this research, the main approach taken was, as indicated in Figure 1, from 
information about the cognitive sciences towards the design of media for technological 
educational purposes, towards the measurement of effectiveness of such media for 
technology education. Impact of this research could be made upon the cognitive science 
community if this path were to be traversed backwards, i.e. from the observation of 
media used within technology education towards support of theoretical constructs 
within the domain of the cognitive sciences. One example would be the support, or 
otherwise, of the argument about the forms of mental representation, i.e. whether these 
have a closer link to imagery than to propositional statements. An interesting proposal 
for further study would be to find out if different technological domains can be served 
best either by imagery, or by propositional statements or both. A case can be made, for 
example, for the evaluation of visualization requirements of topics such as analogue 
electronics and digital electronics. A research objective would be to find how 
visualization requirements for these two branches of electronics tap visual (or auditory, 
or kinaesthetic) imagery and propositional mental representations. 
 
The education community is understood as being composed of teachers and learners, 
and this research has impact on both. It has impact on the teaching end of the 
educational community because it continues to support the argument that students may 
find the transfer of knowledge difficult due to various reasons. These reasons do not just 
stem from individual conceptual constraints and prior individual experiences - events 
which may be seen to pertain more to the receiving end of the teacher-student 
communication channel. Reasons for students’ experienced difficulties also include 
constraints inherent within analogies presented by the teacher, and also constraints 
related to perceptual information in visual form, once again, presented by the teaching 
medium, as exemplified by Section 5.6.2 on page 241. Representational issues matter. 
This research shows that it is possible to design instruction that is based on a more 
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global evaluation of the sequential, cumulative nature of technological topics such as 
that of RC circuits. In line with Spiro’s argument about the nature of analogies (Spiro et 
al., 1988b), this research has shown that it is essential for teachers serving in 
educational institutions prior to tertiary education to select educational constraints very 
carefully when presenting a topic, lest such constraints, which seemingly act as aids for 
present learning, act as hindrances for future learning. From a learning-styles point of 
view, the research has shown that it is possible and beneficial to cater for more than one 
learning style, within the design of analogies and media, for abstract technological 
concepts such as that of electricity. Better design of media for engineering and 
technology audiences therefore would include provision for the visual dimension, as 
well as for the active, sensing and sequential dimensions. The design of such media may 
prove to be costly when compared to media targeted only for the visual dimension, but 
may offer a better educational cost-benefit ratio. Students’ preferential ranking of such 
multi-dimensional (in terms of learning styles) media within this research support this 
argument. Within this research, students’ ranking of media does not simply support 
arguments in favour of the design for multiple learning styles, and arguments in favour 
of the principles of embodied cognition, but also supports arguments backing universal 
principles of design, such as that of simplicity within design, as suggested by Lidwell et 
al. (2003). 
 
Moreover, from a cognitive point of view, this research has implications for assessment 
methods used in technology education. The methods used within this research suggest 
that assessment methods which are based solely on verbal propositions, rather than on 
visual imagery, could introduce a source of error when measuring students’ genuine 
understanding of a concept. This may not simply be due to style, but to constraint 
satisfaction. As Zhang (1997) claims, cognitive behaviour is much like constraint 
satisfaction, with many local minima, some of which may never be overcome without a 
change in representational forms. In electrical work, an exercise requiring students to 
write a verbal explanatory paragraph in order to describe a phenomenon may constrain 
their thinking less than an exercise in waveform sketching. With the former, students’ 
thinking can be more abstract and therefore undefined and fluid than with the latter, as 
suggested by Lakoff and Johnson (1980), and Johnson-Laird (1983). A verbal paragraph 
may suggest that students have understood a concept when in fact they may have 
misunderstood the finer grain detail of the phenomena in question. 
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This research also provides narrower conclusions with a possible impact on education 
and technological communities. From a learning styles point of view, this research has 
found Maltese engineering students’ learning styles to be Active, Sensing, Visual and 
Sequential on the Felder-Silverman Index of Learning Styles. This is in concurrence 
with other international engineering audiences. This result further validates the Felder-
Silverman Index of Learning Styles. The results of this study mirror the findings of 
other research, (Van Zwanenberg et al., 2000), in confirming that learning styles may 
not be a useful way of predicting academic achievement, but they are useful in 
structuring the design of analogies and media used within a technological teaching 
environment. A possible research objective could be to evaluate whether other electrical 
engineering topics could benefit from adopting the principles of embodied cognition 
and learning styles while planning learning material and investigating whether learning 
styles could correlate to student confidence levels after a particular method of teaching 
intervention is used, rather than academic achievement. 
 
For the technological / scientific community, the following specific conclusions about 
the topic of RC circuits are of interest to teachers who plan to teach RC circuits at pre-
university or during the first years of engineering or technology courses. The 
explanations provided by this research take the form which Hempel and Oppenheim 
(1948) define as probabilistic-statistical, whereby assertions are made that specify the 
probability of a phenomenon occurring given specific conditions. This research has 
defined the following conditions and conclusions as in Table 55. 
 
Table 55: Conditions and phenomenon noticed. 
Conditions 
1. If knowledge of an RC circuit is tied only to one analogy, the water tank 
analogy; 
2. If the circuit schematic diagram is always drawn in the same way, 
having features which stem from the ‘water tank’ analogy; 
3. If the words ‘charging’ and ‘discharging’ are always tied to two 
particular shapes of exponential curves; 
Phenomenon 
Then probably students will have a very limited working concept of the 
electrical behaviours possible with an RC circuit and they will not be able to 
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transfer their knowledge to other combinations of RC circuit configurations. 
N.B. This research was not able to provide a global quantitative value of the 
statistical probability of these assertions, mainly due to its qualitative nature 
and relatively small population, when considered in quantitative terms. 
 
The teaching intervention within this study has modified the conditions and 
phenomenon as in Table 56. 
 
Table 56: Conditions and phenomenon suggested as outcome of research. 
Conditions 
1. If more than one analogy is used, say, the capacitor is also presented as 
the ‘relative-dynamic two-plate model’ presented in this research; 
2. If the principles of embodied cognition, especially a vertical spatial 
framework and symmetry, are employed in the way circuit schematics 
and corresponding graphical representations are drawn, and in the way 
learning aids are designed; 
3. If students’ visualization is helped by using qualitative, visual, dynamic, 
tangible resources having structural organizational features similar to 
the standard, symbolic, electrical circuit schematics; 
Phenomenon 
Then most probably, students will be able to transfer their knowledge better 
into unfamiliar circuit situations. This should ideally be attempted before any 
complex, abstract mathematical analysis is taught. 
 
The approach recommended in Table 56 is already being implemented for the Design 
and Technology course at the University of Malta within the first year unit with code 
MST1206 (see Appendix R, page 308). It is recommended that this approach be 
included within the Engineering programme in the first year unit with code EPC1101 to 
complement the already existing approaches within this unit. In line with participants’ 
recommendations about where such an approach could be located within their 
educational programme (Table 44 page 196), the approach in Table 56 could be 
designed into the curricula of Design and Technology courses at Advanced level and 
Intermediate level offered by the Maltese Matriculation and Secondary Education 
certificate (MATSEC) examination board. 
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One narrow research objective emerging directly from this research would be to 
continue understanding students’ cognitive frameworks about RC circuits, specifically 
exploring how mathematical equations, as yet another form of representation, can insert 
themselves into the schemata proposed within this research. This research objective is 
interesting and challenging because mathematical equations may be seen as symbolic 
propositions which may intrinsically instantiate visual imagery. A measurement 
suggestion and comparison of students’ genuine understanding of electrical phenomena 
when using modes of imagery (visual, auditory, kinaesthetic) also provides scope for 
future research. Finally, cognitive frameworks about RC circuits could be investigated 
vis-à-vis novice and expert interpretations. The analysis of such cognitive frameworks 
could include a microstructure, or field explanation point of view of RC circuits. 
 
Wider research objectives within the engineering domain exist if the gist of the 
pedagogic approach recommended in Table 56 would be applied to other key concepts 
in electrical, electronic and mechanical domains. 
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A. Analogy sheet. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Please draw a circuit where one battery, one switch, one resistor and one capacitor are in 
series. Use the symbols given in the table. You may choose ONE switch only for your 
circuit. 
 
 
  
 
 
 
 
 
 
 
 
 
 
Please sketch any analogies that come to mind. 
Ideal voltage source 
SPST switch 
SPDT switch Resistor Capacitor Ground 
REGION 1 REGION 2 
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B. ‘Switch Operation and Voltage Reference ’  Category 
 
In the circuit below, when the switch is in position 1, the voltage of node B with respect to 
ground (G) is: 
□ A. 0V 
□ B. VB 
□ C. ½ VB 
□ D. None of the above. 
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C. ‘Bias’  Category 
 
C.1 
 
The main difference between the circuits presented below is that the position of the resistor and the capacitor are 
swapped. Select ONE statement which best approaches your reasoning. 
 
□ A. 
Swapping the positions of the resistor and the capacitor does not influence the shape of the voltage 
waveform as seen on an oscilloscope of node B with respect to ground (G) because, once a path is 
provided for current to flow in a series circuit, the way the components are connected does not matter, 
as long as you still measure from the same required node, (i.e. node B in this case), to ground. 
 
□ B. 
The different connections of these circuits may mean that the shape of the voltage waveform as seen on 
an oscilloscope of node B with respect to ground (G) may be different from each other. (correct option) 
 
   
 
C.2 
 
You are presented with the two graphs below and you are told that they represent the voltage of a particular node 
with respect to ground in a RC circuit. Select ONE statement which best approaches your reasoning. 
  
□ A. 
The two graphs surely represent the voltage across a charging and discharging capacitor with respect to 
time. 
 
□ B. 
You cannot really tell if the graphs represent the voltage across a charging and discharging capacitor 
unless you see how the circuit is connected and note exactly which voltage is being referred to with 
respect to which component of the circuit, and also if this voltage is considered with respect to the 
ground point. (correct option) 
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D. ‘Static Charge-Discharge’  Category 
 
In the circuit below, when the switch is put in position 2 the capacitor will: 
□ A. Start charging, if previously uncharged. 
□ B. Start discharging, if previously charged. 
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E. ‘Verbal’ Category 
 
The two circuits below show the flipping over of a switch performed by an experimenter. The 
switch is first put in position 1 and left there for a long time. When the switch is then switched 
over from position 1 to position 2, select the best statement that describes the voltage of node 
B with respect to ground (G):    
□ A. Rises sharply and instantaneously from 0V to 10V and remains 10V. 
□ B. Falls sharply and instantaneously from 10V to 0V and remains 0V. 
□ C. Rises exponentially from 0V to 10V. 
□ D. Falls exponentially from 10V to 0V. 
□ E. Rises exponentially from -10V to 0V. 
□ F. Falls exponentially from 20V to 10V. 
□ G. Was 0V and remains 0V. 
□ H. Was 10V and remains 10V. 
□ I. None of the above. 
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F. ‘Graph’  Category 
 
The two circuits below show the flipping over of a switch performed by an experimenter. The switch is first put in position 1 
and left there for a long time. When the switch is then switched over from position 1 to position 2, which one of the graphs 
below would you observe on an oscilloscope when measuring the voltage of node B with respect to ground (G) : 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
□ A.  
□ B.  
□ C.  
□ D.  
□ E.  
□ F.  
□ G.  
□ H.  
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G. ‘Graph Given ’ Category 
 
The two circuits below show the flipping over of a switch performed by an experimenter. The switch is first put 
in position 2 and left there for a long time. When the switch is flipped over from position 2 to position 1 as 
shown in the circuits below, the graph shown is observed on an oscilloscope when measuring the voltage of node 
B with respect to ground (G). In this case the capacitor has: 
 
PART A 
□ A. Charged. 
□ B. Discharged. 
 
PART B 
Analyze the graph given below and tick one statement that best approaches your reasoning: 
□ A. The graph matches my reasoning as regards to both shape and values on the y-axis. 
□ B. The graph matches my reasoning as regards to shape but not for the values on the y-axis. 
□ C. The graph does not match my reasoning as regards to both shape and values on the y-axis. 
 
   
 
Voltage of node B with respect to ground (G) 
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H. Cases 1-8 with Given Graphs 
 
 
Table 57: Cases 1 to 4 with given graphs. 
1 2 3 
Case 
no. 
Circuit Path Graph Shape 
 Initial Condition Steady State  
Case 
1 
  
Case 
2 
  
Case 
3 
  
Case 
4 
  
 
 
Table 58: Cases 5 to 8 with given graphs. 
4 5 6 
Case 
no. 
Circuit Path Graph Shape 
 Initial Condition Steady State  
Case 
5 
  
Case 
6 
  
Case 
7 
  
Case 
8 
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I. ‘Complex’  Category 
 
The two circuits below show the flipping over of a switch performed by an experimenter. The switch is 
first put in position 2 and left there for a long time. When the switch is flipped over from position 2 to 
position 1 as shown in the circuits below, which set of oscilloscope waveforms represents the voltages of 
nodes A, B and C each measured with respect to ground (G): 
 
□ A.  
□ B.  
□ C.  
□ D.  
□ E.  
□ F.  
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J. ‘Evaluative ’ Category 
 
Overall, what is your perception of the level of these exercises? 
□ A. Very difficult. 
□ B. Challenging but not difficult. 
□ C. Very easy. 
 
Did you expect that for a circuit with one resistor and one capacitor you could get such 
a variety of responses? 
□ A. No. 
□ B. Yes. 
 
 
 
K. ‘Confidence Levels ’ Category 
 
How would you rate your confidence level so far? 
□ A. Not confident. 
□ B. Slightly confident. 
□ C. Very confident. 
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L. Comic Strips 
 
Figure 93: Comic strip showing circuit behaviour for Case 2. 
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Figure 94: Comic strip showing circuit behaviour for Case 5. 
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M. Exponential Curves associated with the events of charging and discharging.  
 
 
 
 
 
 
 
 
Figure 95: Exponential graph associated with the charging of a capacitor Figure 96: Exponential graph associated with the discharging of a capacitor 
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N. Mean Score Rating for Confidence Markers of Pre-test and Post-test. 
 
 
Table 59: Mean Rating Scores for Confidence Markers Pre-Test Table 60: Mean Rating Scores for Confidence Markers Post-Test 
Year Part Mean 
Std. 
Deviation P-value 
Year 1 
Electrical 
Engineering 
(N = 38) 
Q11.1 1.26 0.601 0.000 
Q24.1 1.03 0.492 
Q44.1 1.13 0.414 
Q66.1 0.79 0.577 
Q71.1 0.44 0.558 
Year 2 
Electrical 
Engineering 
(N = 37) 
Q11.1 1.51 0.507 0.003 
Q24.1 1.38 0.545 
Q44.1 1.46 0.558 
Q66.1 1.22 0.584 
Q71.1 1.03 0.726 
Design & 
Technology 
(N = 7) 
Q11.1 1.57 0.535 0.001 
Q24.1 1.00 0.000 
Q44.1 1.14 0.378 
Q66.1 0.57 0.535 
Q71.1 0.57 0.535 
 
Year Part Mean 
Std. 
Deviation P-value 
Year 1 
Electrical 
Engineering 
(N = 34) 
Q23.2 1.35 0.597 0.196 
Q44.2 1.56 0.613 
Q49.2 1.29 0.676 
Year 2 
Electrical 
Engineering 
(N = 37) 
Q23.2 1.81 0.397 0.638 
Q44.2 1.84 0.374 
Q49.2 1.75 0.439 
Design & 
Technology 
(N = 7) 
Q23.2 1.86 0.378 1.000 
Q44.2 1.86 0.378 
Q49.2 1.86 0.378 
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O. Pre- and Post- test sample interview transcripts for Cases 1 to 8 
 
Table 61: Pre-test and Post-test sample interview transcripts for Case 1. 
 Case 1 
Pre-test Post-test 
Participant Interviewer Participant Interviewer 
     
Participant 1 Q54 … [reads].  So, it started charging. 
Yes, charged, A. 
 Q32 ... so what do we have here. Here we 
have, node B zero, node A also, and also 
C, everything zero here. The switch is 
connected to the resistor. Node B 
ultimately will go up to 10, but softly, 
because there is the resistor in between. 
Now, what was the question? Charged. 
 
   Now, does the 
graph match 
your 
reasoning? 
  Yes.  
     
Participant 2 Q54 … [reads].  The capacitor has, … 
charged! 
 Q32 ... [reads].  So that’s tied to here. 
And node B is here [Uses the capacitor 
only handheld cardboard model]. This 
will charge, with the cushion, ... 
exponentially. But this stayed stuck to 
here, ... so rises exponentially from zero 
to 10V. The capacitor has charged. 
 
    Does the 
graph confirm 
your 
reasoning? 
  Yes it confirms my reasoning.  
     
Participant 3 Q54 ... here it was zero and there it 
charged. 
 Q32 … So at first it was here. Points A, B 
and C were all down here. Now, point A 
went up, … point B, since it was free, …  
now who wins? Suction or ? … It will go 
up slowly. Point C can never slam up.  So 
point B was zero and it went up. The 
capacitor has charged. 
 
 Does the 
graph 
complement 
your 
reasoning? 
 Now, … do 
you agree 
with the 
graph? 
Yes, it’s charging and its remaining 
charged. 
 Yes. From zero it went up exponentially 
to 10V. 
 
     
 
Table 62: Pre-test and Post-test sample interview transcripts for Case 6. 
 Case 6 
Pre-test Post-test 
Participant Interviewer Participant Interviewer 
     
Participant 4 Q57 … [reads]. So, charged, discharged, 
B. 
 Q35 ...  So A 10, C zero, and B is at 10. 
So you put A to zero. Now in between the 
switch and B there is a resistor. So this 
one, from 10, it started going down to 
zero, exponentially. And this is 
discharging, B. 
 
   Do you agree 
with the 
graph? 
  Yes. This time I also looked at the graph 
and it helped me. 
 
     
Participant 5 Q57 … [reads].  So in this first circuit the 
capacitor has charged. In the second 
circuit it will discharge. The capacitor 
discharged. And we have this graph. Yes 
 Q35 ... [reads].  It’s got the cushion 
there. We can use this [The 3D wooden 
model] model here.  [Participant 
operates the 3D wooden model by 
 
Appendices  Page 290 
discharge, … and I looked at the circuit. I 
prefer working it out along the circuit 
path. 
himself.] So the capacitor is fully 
charged. When we flipped the switched, 
we got node A to ground. So we must get 
this down like this. So, it discharged. It 
discharged. 
     
 
Table 63: Pre-test and Post-test sample interview transcripts for Case 2. 
 Case 2 
Pre-test Post-test 
Participant Interviewer Participant Interviewer 
     
Participant 6 Q58 ... charged. Discharged.  Q36 ... discharged, charged. This one is 
charging, so why is it going to zero? 
[uses handheld cardboard model]. 
 
   The graph, 
does it make 
sense now? 
  Ah, ... because normally we take the 
voltage across the capacitor. But it’s still 
charging!  
 
  [uses handheld cardboard model and 
works through exercises very quietly]. 
 
   You got used 
to using the 
handheld 
cardboard 
model. 
  [laughs].   
     
Participant 7 Q58 … [reads].  So in position 2, if it 
were charged, it has now discharged. In 
position 1, it should now charge. The 
capacitor charged, but you are seeing 
across the resistor. Ok, yes, …but it 
charged. Like this, the graph confuses 
me, … it would be better if I did not see 
it. 
 Q36 ... [reads].  Node A is tied down 
here. [Uses the capacitor only handheld 
cardboard model]. And node B is here, ... 
so A, B, C.  We flipped the switch. A goes 
up. Node B is slammed up there and 
slowly, slowly, the capacitor will charge, 
from 10 to zero. This goes down, but it 
charged. 
 
 Why does it 
confuse you? 
  
Because in my mind, I know that the 
capacitor has charged, ... but the moment 
I see that graph,  I have to remind myself 
that that is taken from point B, which is 
across the resistor. So I prefer not to look 
at the graph at all and ask myself, ... 
what happened to the resistor? ... the 
resistor discharged. 
   
 So does the 
graph create a 
sort of conflict 
for you? 
  
In this case yes.  I totally prefer the 
circuit to the graph. The graph bothers 
me a bit. Well, if I think hard about it, it 
does help, but, I still would not use it.  
   
     
Participant 8 Q58 ...  from node B to C. It’s impossible. 
Here it was discharged and then it 
charged. It was 10V and it started going 
down down down to zero.  This is a 
discharge graph. The capacitor is 
charging. No, I do not agree with the 
graph. 
 Q36 … so the capacitor is charging. 
Node B was zero volts at the start. The 
graph is incorrect. No wait a minute. 
Node B was down here. Node A was 
down here as well. Then node A slammed 
up suddenly. Node B started from zero, 
slammed up with node A, so it came up to 
10, … no, … ok the graph is correct. The 
graph is correct. It needs that vertical 
line from zero to 10, … yes because now 
I’m looking for it, … but the graph is 
correct. Because the story really starts 
from zero in the diagrams, … so when I 
said zero, … I automatically looked for 
the zero at the start of the graph, … and 
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because I did not see it, I jumped into the 
conclusion that it was incorrect.  Because 
the graph does not start from zero but 
from 10 so automatically I said incorrect. 
     
 
Table 64: Pre-test and Post-test sample interview transcripts for Case 5. 
 Case 5 
Pre-test Post-test 
Participant Interviewer Participant Interviewer 
     
Participant 9 Q55 … [reads]. The capacitor has … 
discharged. … Wait a bit, wait a bit. 
Hasn’t this charged to 10V, the 
capacitor? How come here there is minus 
10? 
 Q33 ... so here we have,  ... I’m doing this 
you see, ... check the nodes, ... check the 
nodes at first. A 10, C ground, this is 
charged so B ground. This, I got used to 
it ok, you see. So what’s going to happen 
now? You put A to zero, abruptly, 
because there is no resistor there. Now, 
the voltage cannot change too quickly 
across the capacitor. So, the lower plate 
has to go minus. Then it goes up slowly. 
That’s why there is minus 10 and then 
going up to zero. And that is discharging. 
 
  You try to find 
a reason.  
 Now, does the 
graph match 
your 
reasoning? 
 I don’t know if when you swap the 
capacitor and you put it up there, and 
you put the resistor down here, if it 
makes a difference. As yet, I worked it out 
that it makes no difference. But now that 
I am seeing this,  … heq so? But isn’t 
minus 10 below ground? 
 For node B, yes.  
  Minus 10 is 
below ground. 
 Do you 
remember 
your reaction 
last time? 
 But here you have nothing minus 10, you 
have nothing below ground. 
 Yes, now it matches, it’s very good.  
  No.   
 So how come minus 10?! [participant 
seems very puzzled at this point]. 
   
 It’s discharged.    
  And on which 
part did you 
look or focus 
to reach the 
conclusion 
that it 
discharged? 
  
 I looked at the circuit. Because usually 
discharged, it’s from 10 to zero. Now 
from minus 10 to zero, it’s also 
discharging.  
   
  What about 
the presence 
of the graph? 
  
 The presence of the graph made me think 
that maybe when the components are 
swapped, the graph will be different. 
   
  Now, re the 
shape of the 
graph. 
Momentarily, 
did you get a 
feeling that it 
could have 
been charging 
and not 
discharging, 
or not? 
  
 Yes, Yes. Because when I looked at the    
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graph I said to myself, isn’t this 
discharging, … only then I saw the minus 
on the y-axis . 
  And so, then 
you had to 
take another 
look at the 
circuit to 
conclude that 
it was in fact 
discharging? 
  
 Yes.    
     
Participant 10 Q55 … [reads]. Discharged, yes 
discharged.  
 Q33 ... [reads].  The capacitor is 
slammed up there. Node B is there. [Uses 
the capacitor only handheld cardboard 
model]. It was charged, when we flipped 
the switch, node A, will be like this, ... 
node A went to ground, so this will rise 
from minus 10. So minus 10, ... it was 
charged and it discharged.  For a 
moment since I was seeing the graph 
from minus 10 and it went up, I thought it 
was charging, but no, ... it discharges. 
 
 To solve this, 
did you look 
at the circuit 
or at the 
graph? 
  
At the graph.  I looked at the graph, and I 
saw that it goes up. And I know that, in 
my mind, going up means charging, so, I 
asked myself, why is it going up? But 
then I said to myself, … I know that it’s 
discharging, when I saw the circuit, I 
know that it’s discharging, so eventually 
I concluded from the circuit. When I look 
at the graph, I know it’s discharging 
because I’m looking at the numbers [the 
y-axis], but I prefer to look at the circuit. 
When I see the circuit, I immediately 
know that it’s discharging. 
   
     
 
Table 65: Pre-test and Post-test sample interview transcripts for Case 3. 
 Case 3 
Pre-test Post-test 
Participant Interviewer Participant Interviewer 
     
Participant 11 Q62 … [reads].  Discharged, charged. 
So, from the circuit I am saying that it 
charged. The graph is telling me that it 
discharged, but I know that it charged. 
I’m not even going to pay attention to the 
graph. I will focus on the circuit. 
 Q40 ... So this one Charged, A.  
   So you looked 
at the circuit? 
  Yes at the circuit, but now I understand 
the graph. 
 
   So it doesn’t 
create a 
conflict for 
you now? 
  No, definitely not.  
     
Participant 12 Q62 … [reads].  Charged.   Q40 ... [reads]. [Uses the capacitor only 
handheld cardboard model].   This one is 
tied here, and the other here. When we 
flipped the switch, this stayed tied here, 
... and this will charge in this manner. 
Node B falls, from 10 to zero. It still 
charged, yes charged. 
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 Does the 
graph 
complement 
or conflict 
with your 
thinking? 
 Are the 
graphs 
confirming or 
conflicting 
with your 
reasoning? 
I will now use it to try to complement my 
thinking. But it’s not the source of my 
thinking. For me the capacitor charged, 
and I’m simply going to check it out. I 
reason it solely from the circuit, … it 
charged. I know that the graph is the 
opposite of charging, … so it’s better if I 
don’t use it, because normally when I 
focus on something, then I will change 
my reasoning. 
 Confirming.  
     
Participant 13 Q62 ... at first it was like this then it 
started charging. From node B to 
ground. The capacitor is charged. I don’t 
agree with the graph. 
 Q40 … so, in this state, … the capacitor 
is charged. Now, if the graph is correct, 
yes or no. At start up point B was 
positive. The graph is correct. And the 
capacitor charges. 
 
     
 
Table 66: Pre-test and Post-test sample interview transcripts for Case 7. 
 Case 7 
Pre-test Post-test 
Participant Interviewer Participant Interviewer 
     
Participant 14 Q64 ... charged. I’m doing the same here, 
I’m only looking at the graph. 
 Q42 ... so this is charged. Then it 
discharges. 
 
 Ok, so you are 
giving more 
importance to 
the graph. 
 And the 
graph, is it 
ok? 
Yes. If what is happening on the 
oscilloscope is given, as for me, you 
don’t need to reason out what is 
happening in the circuit, since you know 
what is happening. Basically that graph 
is telling you what happens. 
 All right because you are taking the 
position of node B. 
 
     
Participant 15 Q64 … [reads]. This one is charged. No 
sorry, wait a minute, slowly, … this is 
discharged. The circuit is telling me 
discharged and the graph is telling me 
charged, but I’m going to tick 
discharged. 
 Q42 ... this discharged. And you might 
say, why discharged? Because the graph 
goes up from zero to 10. Shall I explain 
it? Yes, I will explain it. A 10, now B is 
zero. The lower plate, you put directly 
with the 10, so C you connected to 10. 
The graph is telling me that from zero, 
node B went to 10. Exactly there is the 
resistor between node B and the supply. 
It was zero, now it’s connected to 10, but 
it went up slowly because there is that 
resistor. So this is discharged, B.  
 
     
Participant 16 Q64 … [reads].  Here, in this case I 
cannot recall the answer. So now, I will 
look at the graph. So in this case, I shall 
need the graph to reason things. I have 
two options, either charged or 
discharged, and I know that it is not 
charged, … so it must be discharged. 
 Q42 ... [reads].  ]. [Uses the capacitor 
only handheld cardboard model]. It’s 
charged. We flipped the switch. What 
happens to node B? This will go down 
like this. It’s discharging. Let me check 
the graph.  From zero to 10, ... ah yes, 
[Operates the capacitor only handheld 
cardboard model] because it’s tied to 
here. 
 
 How do you 
know that it 
does not 
charge, … 
from the 
graph or from 
the circuit? 
  
From the circuit. Now, I’m going to use 
the graph to confirm. Now, from the 
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graph I know that when the resistor goes 
up, the capacitor is discharging, so … 
discharge. 
     
Participant 17 Q64 ... now this is across the resistor. 
The capacitor is discharging.  The graph, 
I don’t agree with it. 
 Q42 … So the capacitor here has 
discharged. Now point B. Here it was at 
zero volts. Then, … I’ll draw it. [see 
rough paper] Point B was zero volts and 
it went up to, … 10V. The graph is 
correct. I don’t want to guess them or use 
the old method. That’s why I am taking 
my time to reason out loud, even though I 
don’t really feel I need to now. 
 
     
 
Table 67: Pre-test and Post-test sample interview transcripts for Case 4. 
 Case 4 
Pre-test Post-test 
Participant Interviewer Participant Interviewer 
     
Participant 18 Q63 ... Charged.  Q41 ... it’s going to go down to zero, and 
then up to 10. 
 
     
Participant 19 Q63 … [reads].  The capacitor charged.   Q41 ... [reads]. [Uses the capacitor only 
handheld cardboard model]. Here we’ve 
got node C tied to 10V. We flipped. This 
came here and this rises. Yes, ... 
charging. 
 
     
Participant 20 Q63 ... the capacitor is charging and I 
agree with the graph. 
 Q41 … So this graph. The capacitor has 
charged here as well.  Is the graph for 
point B correct? Point B was positive. It 
went down here, … yes the graph is 
correct, … obviously you need that 
vertical like. You can’t fool me now! 
[chuckles] 
 
     
 
Table 68: Pre-test and Post-test sample interview transcripts for Case 8. 
 Case 8 
Pre-test Post-test 
Participant Interviewer Participant Interviewer 
     
Participant 21 Q65 ... Capacitor is in series, it is 
charging, it reaches the peak. Now, here 
there is a problem. 
 Q43.2 ... Discharging.  
 Why?   
Because there is the 20V. I think that it’s 
discharging, but I’m not sure about this 
one. 
   
     
Participant 22 Q65 … [reads].  It charged. And then it 
discharged. 
 Q43 ... [reads].  [Uses the capacitor only 
handheld cardboard model]. Charged, 
but it is tied to ground. We flipped the 
switch. This goes up like so, and it will go 
down like so. Exactly, good, ... so 
discharge. 
 
 Does the 
presence of 
the graph 
confuse you? 
  
Yes! Because I have to work it out. I have 
to work it out to confirm that it really is 
like so. When I see the 20, I know that it 
is this plus this. The 10, I know that the 
battery stays at 10, so this dissipates, but 
this one no. So discharge. But the graph 
disrupts me, it would be better if it were 
not given. I would simply have said 
discharged, and that’s it. In this case, it 
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has confirmed that it discharged, but I 
still prefer that it would not be given. If I 
needed to use it in a more complex 
problem, it would disturb me even more. 
Here I know that I have just one 
voltmeter, or oscilloscope and it’s ok. In 
the case where I would have a lot of 
readings, I would have to remember that 
that’s the voltage BG, ... it would be 
better if it were not there. 
     
Participant 23 Q65 ... A.  For the graph, I’m not sure. 
I’m not sure but maybe it’s correct. 
 Q43 ... B.  And the graph is correct.  
  How are you 
reasoning it 
out, ... from 
the circuit? 
  
 Because you have, ... mmm, ... it’s this 20 
here that is confusing me. 
   
  Do you agree 
with the shape 
of the graph? 
  
 With the shape yes.    
  So the 
problem is 
with the y-
axis? 
  
 Yes, why it started from 20.    
  And where do 
you expect it 
should start 
from? 
  
 I expect it to start from 10. So the shape 
needs to shift its axis down.  
   
  So as a 
comment I 
could say that 
you think that 
the graph 
shape is all 
right, but, the 
y-axis no, 
because of the 
20V? 
  
 Yes, exactly.    
  So, you’d 
expect the 
graph to start 
from 10? 
Would you 
draw for me 
exactly what 
you expect? 
  
 [Participant draws the graph he expects 
on rough paper]. Yes, it should start from 
10. Now, this will not be exactly zero, on 
discharge. 
   
     
Participant 24 Q65 ... Now, what is the capacitor doing? 
[whispering reasoning – inaudible. He 
chose option B]. I disagree with the 
graph. 
 Q43 … So, … what’s happening here? 
Discharge. So, the graph. You put point 
C here. [reasons out on own drawing in 
rough paper]. Point B from 20V went 
down to 10V. The graph is correct. 
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P. Quantitative Analysis for All Groups for Cases 1 to 8 
 
Table 69: Quantitative Analysis for All Groups – Case 1 
Charging 
path 
 
 
 
 
 
 Pre-Post  
Pre-Test Post-Test P-value 
Year 1 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 30 32 0.492 
 Percentage 96.8% 100% 
Discharged Count 1 0 
 Percentage 3.2% 0.0% 
The graph contradicts my reasoning Charged Count 6 0  
 Percentage 100.0% 0.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
Year 2 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 24 23  
 Percentage 100.0% 100.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
The graph contradicts my reasoning Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
Design & 
Technology 
The graph complements my 
reasoning 
Charged Count 5 5  
 Percentage 100% 100% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
The graph contradicts my reasoning Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
Year 1 Electrical Engineering- Case 1 
 Pre-Post  
Pre-Test Post-Test P-value 
The graph matches my reasoning as regards to 
both shape and value on the y-axis. 
Charged Count 30 32 0.492 
 Percentage 96.8% 100% 
Discharged Count 1 0 
 Percentage 3.2% 0.0% 
The graph matches my reasoning as regards to 
shape but not for the values on the y-axis. 
Charged Count 3 0  
 Percentage 100.0% 0.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
The graph does not match my reasoning as 
regards to both shape and values on the y-axis 
Charged Count 3 0  
 Percentage 100.0% 0.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
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Table 70: Quantitative Analysis for All Groups – Case 6 
Discharging 
path 
 
 
 
 
 
 Pre-Post  
Pre-Test Post-Test P-value 
Year 1 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 28 29 
 Percentage 100.0% 100.0% 
The graph contradicts my reasoning Charged Count 1 0 0.692 
 Percentage 11.1% 0.0% 
Discharged Count 8 4 
 Percentage 88.9% 100.0% 
Year 2 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 1 0 0.477 
 Percentage 4.8% 0.0% 
Discharged Count 20 23 
 Percentage 95.2% 100.0% 
The graph contradicts my reasoning Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 3 0 
 Percentage 100.0% 0.0% 
Design & 
Technology 
The graph complements my 
reasoning 
Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 5 5 
 Percentage 100.0% 100.0% 
The graph contradicts my reasoning Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
Year 1 Electrical Engineering- Case 6 
 Pre-Post  
Pre-Test Post-Test P-value 
The graph matches my reasoning as regards to 
both shape and value on the y-axis. 
Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 28 29 
 Percentage 100.0% 100.0% 
The graph matches my reasoning as regards to 
shape but not for the values on the y-axis. 
Charged Count 1 0 0.889 
 Percentage 12.5% 0.0% 
Discharged Count 7 1 
 Percentage 87.5% 100.0% 
The graph does not match my reasoning as 
regards to both shape and values on the y-axis 
Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 1 3 
 Percentage 100.0% 100.0% 
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Table 71: Quantitative Analysis for All Groups – Case 2 
Charging 
path 
 
 
 
 
 
 Pre-Post  
Pre-Test Post-Test P-value 
Year 1 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 11 27 0.232 
 Percentage 84.6% 96.4% 
Discharged Count 2 1 
 Percentage 15.4% 3.6% 
The graph contradicts my reasoning Charged Count 24 4  
 Percentage 100.0% 100.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
Year 2 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 7 22 0.267 
 Percentage 87.5% 100.0% 
Discharged Count 1 0 
 Percentage 12.5% 0.0% 
The graph contradicts my reasoning Charged Count 15 1  
 Percentage 100.0% 100.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
Design & 
Technology 
The graph complements my 
reasoning 
Charged Count 0 5 0.167 
 Percentage 0.0% 100.0% 
Discharged Count 1 0 
 Percentage 100.0% 0.0% 
The graph contradicts my reasoning Charged Count 3 0  
 Percentage 75.0% 0.0% 
Discharged Count 1 0 
 Percentage 25.0% 0.0% 
Year 1 Electrical Engineering- Case 2 
 Pre-Post  
Pre-Test Post-Test P-value 
The graph matches my reasoning as regards to 
both shape and value on the y-axis. 
Charged Count 11 27 0.232 
 Percentage 84.6% 96.4% 
Discharged Count 2 1 
 Percentage 15.4% 3.6% 
The graph matches my reasoning as regards to 
shape but not for the values on the y-axis. 
Charged Count 4 2  
 Percentage 100.0% 100.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
The graph does not match my reasoning as 
regards to both shape and values on the y-axis 
Charged Count 20 2  
 Percentage 100.0% 100.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
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Table 72: Quantitative Analysis for All Groups – Case 5 
Discharging 
path 
 
 
 
 
 
 
 Pre-Post  
Pre-Test Post-Test P-value 
Year 1 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 2 2 0.395 
 Percentage 12.5% 6.1% 
Discharged Count 14 31 
 Percentage 87.5% 93.9% 
The graph contradicts my reasoning Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 21 0 
 Percentage 100.0% 0.0% 
Year 2 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 1 0 0.281 
 Percentage 11.1% 0.0% 
Discharged Count 8 23 
 Percentage 88.9% 100.0% 
The graph contradicts my reasoning Charged Count 1 0  
 Percentage 6.7% 0.0% 
Discharged Count 14 0 
 Percentage 93.3% 0.0% 
Design & 
Technology 
The graph complements my 
reasoning 
Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 2 5 
 Percentage 100.0% 100.0% 
The graph contradicts my reasoning Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 3 0 
 Percentage 100.0% 0.0% 
Year 1 Electrical Engineering- Case 5 
 Pre-Post  
Pre-Test Post-Test P-value 
The graph matches my reasoning as regards to 
both shape and value on the y-axis. 
Charged Count 2 2 0.395 
 Percentage 12.5% 6.1% 
Discharged Count 14 31 
 Percentage 87.5% 93.9% 
The graph matches my reasoning as regards to 
shape but not for the values on the y-axis. 
Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 8 0 
 Percentage 100.0% 0.0% 
The graph does not match my reasoning as 
regards to both shape and values on the y-axis 
Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 13 0 
 Percentage 100.0% 0.0% 
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Table 73: Quantitative Analysis for All Groups – Case 3 
Charging 
path 
 
 
 
 
 
 Pre-Post  
Pre-Test Post-Test P-value 
Year 1 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 9 29 0.123 
 Percentage 75.0% 93.5% 
Discharged Count 3 2 
 Percentage 25.0% 6.5% 
The graph contradicts my reasoning Charged Count 24 2  
 Percentage 100.0% 100.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
Year 2 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 10 21 0.279 
 Percentage 83.3% 95.5% 
Discharged Count 2 1 
 Percentage 16.7% 4.5% 
The graph contradicts my reasoning Charged Count 12 1  
 Percentage 100.0% 100.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
Design & 
Technology 
The graph complements my 
reasoning 
Charged Count 0 5 0.167 
 Percentage 0.0% 100.0% 
Discharged Count 1 0 
 Percentage 100.0% 0.0% 
The graph contradicts my reasoning Charged Count 3 0  
 Percentage 75.0% 0.0% 
Discharged Count 1 0 
 Percentage 25.0% 0.0% 
Year 1 Electrical Engineering- Case 3 
 Pre-Post  
Pre-Test Post-Test P-value 
The graph matches my reasoning as regards to 
both shape and value on the y-axis. 
Charged Count 9 29 0.123 
 Percentage 75.0% 93.5% 
Discharged Count 3 2 
 Percentage 25.0% 6.5% 
The graph matches my reasoning as regards to 
shape but not for the values on the y-axis. 
Charged Count 4 0  
 Percentage 100.0% 0.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
The graph does not match my reasoning as 
regards to both shape and values on the y-axis 
Charged Count 20 2  
 Percentage 100.0% 100.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
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Table 74: Quantitative Analysis for All Groups – Case 7 
Discharging 
path 
 
 
 
 
 
 Pre-Post  
Pre-Test Post-Test P-value 
Year 1 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 4 1 0.003 
 Percentage 57.1% 3.6% 
Discharged Count 3 27 
 Percentage 42.9% 96.4% 
The graph contradicts my reasoning Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 30 5 
 Percentage 100.0% 100.0% 
Year 2 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 2 0 0.091 
 Percentage 20.0% 0.0% 
Discharged Count 8 22 
 Percentage 80.0% 100.0% 
The graph contradicts my reasoning Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 14 1 
 Percentage 100.0% 100.0% 
Design & 
Technology 
The graph complements my 
reasoning 
Charged Count 1 0 0.125 
 Percentage 100.0% 0.0% 
Discharged Count 0 7 
 Percentage 0.0% 100.0% 
The graph contradicts my reasoning Charged Count 1 0  
 Percentage 16.7% 0.0% 
Discharged Count 5 0 
 Percentage 83.3% 0.0% 
Year 1 Electrical Engineering- Case 7 
 Pre-Post  
Pre-Test Post-Test P-value 
The graph matches my reasoning as regards to 
both shape and value on the y-axis. 
Charged Count 4 1 0.003 
 Percentage 57.1% 3.6% 
Discharged Count 3 27 
 Percentage 42.9% 96.4% 
The graph matches my reasoning as regards to 
shape but not for the values on the y-axis. 
Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 2 0 
 Percentage 100.0% 0.0% 
The graph does not match my reasoning as 
regards to both shape and values on the y-axis 
Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 28 5 
 Percentage 100.0% 100.0% 
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Table 75: Quantitative Analysis for All Groups – Case 4 
Charging 
path 
 
 
 
 
 
 Pre-Post  
Pre-Test Post-Test P-value 
Year 1 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 27 30 0.483 
 Percentage 96.4% 100.0% 
Discharged Count 1 0 
 Percentage 3.6% 0.0% 
The graph contradicts my reasoning Charged Count 9 2  
 Percentage 100.0% 100.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
Year 2 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 22 23  
 Percentage 100.0% 100.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
The graph contradicts my reasoning Charged Count 1 0  
 Percentage 50.0% 0.0% 
Discharged Count 1 0 
 Percentage 50.0% 0.0% 
Design & 
Technology 
The graph complements my 
reasoning 
Charged Count 4 5  
 Percentage 100.0% 100.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
The graph contradicts my reasoning Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 1 0 
 Percentage 100.0% 0.0% 
Year 1 Electrical Engineering- Case 4 
 Pre-Post  
Pre-Test Post-Test P-value 
The graph matches my reasoning as regards to 
both shape and value on the y-axis. 
Charged Count 27 30 0.483 
 Percentage 96.4% 100% 
Discharged Count 1 0 
 Percentage 3.6% 0.0% 
The graph matches my reasoning as regards to 
shape but not for the values on the y-axis. 
Charged Count 4 1  
 Percentage 100.0% 100.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
The graph does not match my reasoning as 
regards to both shape and values on the y-axis 
Charged Count 5 1  
 Percentage 100.0% 100.0% 
Discharged Count 0 0 
 Percentage 0.0% 0.0% 
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Table 76: Quantitative Analysis for All Groups – Case 8 
Discharging 
path 
 
 
 
 
 
 Pre-Post  
Pre-Test Post-Test P-value 
Year 1 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 0 29 
 Percentage 0.0% 100.0% 
The graph contradicts my reasoning Charged Count 1 0 0.875 
 Percentage 2.7% 0.0% 
Discharged Count 36 3 
 Percentage 97.3% 100.0% 
Year 2 
Electrical 
Engineering 
The graph complements my 
reasoning 
Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 6 22 
 Percentage 100.0% 100.0% 
The graph contradicts my reasoning Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 18 1 
 Percentage 100.0% 100.0% 
Design & 
Technology 
The graph complements my 
reasoning 
Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 0 5 
 Percentage 0.0% 100.0% 
The graph contradicts my reasoning Charged Count 1 0  
 Percentage 20.0% 0.0% 
Discharged Count 4 0 
 Percentage 80.0% 0.0% 
Year 1 Electrical Engineering- Case 8 
 Pre-Post  
Pre-Test Post-Test P-value 
The graph matches my reasoning as regards to 
both shape and value on the y-axis. 
Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 0 29 
 Percentage 0.0% 100.0% 
The graph matches my reasoning as regards to 
shape but not for the values on the y-axis. 
Charged Count 1 0 0.875 
 Percentage 4.8% 0.0% 
Discharged Count 20 3 
 Percentage 95.2% 100.0% 
The graph does not match my reasoning as 
regards to both shape and values on the y-axis 
Charged Count 0 0  
 Percentage 0.0% 0.0% 
Discharged Count 16 0 
 Percentage 100.0% 0.0% 
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Q. Participants’ Feedback  
 
Figure 97: Participants’ rating of the operability of the resources. 
 
 
Figure 98: Participants' rating of the assistance offered by the resources in support of circuit behaviour 
visualization. 
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Figure 99: Participants' rating of the clarity of the messages conveyed by the resources. 
 
 
Figure 100: Participants' rating of the amount of detail for explanations offered by the resources. 
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Figure 101: Participants' rating of the assistance which the resources offered towards efficient learning. 
 
 
Figure 102: Participants' rating of the assistance which the resources offer towards a faster pace of learning. 
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Figure 103: Participants' rating of the suitability of the resources to complement other teaching methods used 
in university classes. 
 
 
Figure 104: Participants’' rating of the assistance offered by the resources toward motivation for the study of 
the topic of RC circuits in electronics. 
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R. Mapping and Description of Pre-Requisite Knowledge for University 
of Malta Engineering and Technical Design and Technology courses  
 
 
Figure 105: Pre-requisite map for electrical and electronics knowledge within the University of Malta 
Electrical and Electronic Engineering course. 
 
 
Figure 106: Pre-requisite map for electrical and electronics knowledge within the University of Malta B.Ed. 
Technical Design and Technology course. 
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Table 77: University of Malta Electrical and Electronic Engineering programme course descriptions. 
EPC1101 Title: Electrical Circuit Theory 1. 
Teaching Method: 26 hrs lecture, 3 hrs tutorial, 6 hrs practical. 
Assessment Method: 90% written examination, 10% practical. 
Topics tackled: To develop the necessary tools required for the dc, ac and transient analysis 
and understanding of the characteristics of electrical and electronic circuits modeled as 
lumped elements. 
Period delivered: Year 1, Semester 1. 
 
This study-unit provides the basis of electrical circuit analysis: 
 
1. Electrical quantities: voltage, current, charge, resistance, capacitance, inductance, 
power, frequency, phase, peak, r.m.s values. 
2. Network analysis: Ohm's law, Kirchoff's laws, Mesh Current Analysis, Nodal 
Analysis, Thevenin and Norton's theorems, Millman's theorem, Maximum Power 
Transfer. Linear and non-linear networks, super-position theorem, voltage and 
current sources. 
3. Definitions of Electric and Magnetic Fields, Capacitance and Inductance. 
4. D.C. Transients: Charging and discharging of a capacitor, linear and exponential, 
inductor transients. 
5. A.C. Theory: behaviour of resistors, inductors and capacitors with sinusoidal 
signals, reactance, impedance, phasor diagrams, j-notation, basic RLC circuits, real 
power, reactive power, apparent power, power factor. 
 
Study-unit Aims: This study-unit teaches the necessary tools required for basic dc, ac and 
transient analysis of electrical circuits and provides an understanding of the characteristics of 
electrical and electronic circuits modeled as lumped elements. 
 
Learning Outcomes: 
 
1. Knowledge & Understanding: 
 
1. By the end of the study-unit the 
student will be able to: 
2. Explain steady-state and transient 
behaviour of dc circuits. 
3. Understand the behaviour of R,L,C 
components in dc and ac circuits. 
4. Explain steady-state behaviour of 
ac circuits with sinusoidal signals. 
5. Understand the phasor 
representation of sinusoidal signals 
and numerical description of 
phasors in complex and polar form. 
6. Understand power flow in ac 
circuits and distinguish between 
real, reactive and apparent power. 
2. Skills: 
 
1. By the end of the study-unit the 
student will be able to: 
2. Analyse dc circuits including 
networks with multiple sources. 
3. Analyse dc transient behaviour 
for RC and RL networks. 
4. Describe steady-state ac circuit 
behaviour using phasors and 
perform ac circuit analysis using 
phasor algebra. 
5. Perform basic calculations 
relating to power in single-phase 
ac circuits. 
 
 
 
 
EPC1201 Title: Electrical Circuit Theory 2. 
Teaching Method: Lectures, tutorials and practical laboratory work (total = 35 hrs). 
Assessment Method: 90% written examination, 10% practical. 
Topics tackled: The aim of this course is to familiarise the student further in linear circuit 
analysis, magnetic circuits and the basics of electrical instrumentation. It includes a.c. 
network theorems, resonance, magnetic circuits, basic transformer theory, electric and 
magnetic fields and electrical instruments. 
Period delivered: Year 1. 
EPC1202 Title: Introduction to Electrical Energy Systems 
Teaching Method: Lectures, tutorials and practical laboratory work (total = 35 hrs). 
Assessment Method: 90% written examination, 10% practical. 
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Topics tackled: To develop an understanding of electrical Power Systems: Generation, 
Transmission and Distribution Systems. 
Period delivered: Year 1. 
  
EPC2101 Title: Electrical Machines. 
Teaching Method: Lectures, tutorials and practical laboratory work (total = 35 hrs). 
Assessment Method: 90% written examination, 10% practical. 
Topics tackled: This unit covers in depth the principles of operation of the most commonly 
used electrical machines. The unit deals with steady state 
operation of the synchronous machine, the induction motor and the dc machine. The power 
transformer is also discussed 
in detail. 
Period delivered: Year 2. 
EPC2102 Title: Electrical Power 1. 
Teaching Method: Lectures, tutorials and practical laboratory work (total = 35 hrs). 
Assessment Method: 90% written examination, 10% practical. 
Topics tackled: This unit covers the principles of the components that make up an Electrical 
Power System. It deals with the p.u. method, 
steady-state operation of synchronous generators, transmission lines, symmetrical faults and 
the basics of power system 
protection. 
Period delivered: Year 2. 
EPC2201 Title: Power Electronics 1. 
Teaching Method: Lectures, tutorials and practical laboratory work (total = 35 hrs). 
Assessment Method: 80% written examination, 20% practical. 
Topics tackled: To provide theoretical background for the analysis of power electronic 
circuits and to introduce simulation as a design tool of 
power electronic circuits. Covers fundamental principles of circuits used in regulated switch-
mode power supplies as well as 
circuits used in industrial dc drives. 
Period delivered: Year 2. 
  
EPC3102 Title: Electrical Power 2. 
Teaching Method: Lectures, tutorials and practical laboratory work (total = 35 hrs). 
Assessment Method: 90% written examination, 10% practical. 
Topics tackled: To further enhance the understanding of Electric Power Systems: Analysis 
of plant, transmission and distribution Systems under unbalanced and transient conditions. 
Period delivered: Year 3. 
EPC3103 Title: Power Electronics 2. 
Teaching Method: Lectures, tutorials and practical laboratory work (total = 35 hrs). 
Assessment Method: 80% written examination, 20% practical. 
Topics tackled: To learn about modern industrial power electronics converters and their 
control. An introduction to Power Quality Factors and 
standards and the effect of Non-Linear Power electronic loads on electrical distribution 
harmonics. 
Period delivered: Year 3. 
EPC3104 Title: Electromechanical Drives. 
Teaching Method: Lectures, tutorials and practical laboratory work (total = 35 hrs). 
Assessment Method: 80% written examination, 20% practical. 
Topics tackled: To consolidate the theoretical knowledge of electrical machines, the 
development of system approach in application of electrical 
machines in industrial electric drive systems. 
Period delivered: Year 3. 
EPC3201 Title: Power Quality. 
Teaching Method: Lectures, tutorials and practical laboratory work (total = 35 hrs). 
Assessment Method: 90% written examination, 10% practical. 
Topics tackled: The aims of the study-unit are to present the electrical engineering student 
with knowledge in the areas of: Power Quality Measurement and Regulations, Power Factor 
Correction, Harmonics and Basics of EMI, and various other power quality occurrences such 
as :Transients, Long and Short voltage variations, flicker, imbalance, distortion, frequency 
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variations, etc. 
Period delivered: Year 3. 
EPC3202 Title: Industrial Systems 
Teaching Method: Lectures, tutorials, practical laboratory work and project (total = 35 hrs). 
Assessment Method: 90% written examination, 10% assignment. 
Topics tackled: This The main objective of this study-unit is to enable the student to 
familiarize with the requirements of a typical industrial electrical system. 
Period delivered: Year 3. 
ENR3201 Title: Electromagnetic Theory. 
Teaching Method: Lectures, tutorials, practical laboratory work and independent study 
(total = 35 hrs). 
Assessment Method: 75% written examination, 25% assignment. 
Topics tackled: This study-unit introduces electromagnetic theory and covers the basic 
concepts behind antennas, waveguides and transmission lines. 
Period delivered: Year 3. 
ENR3008 Title: Team Project. 
Teaching Method: Lectures, independent study and project (total = 35 hrs). 
Assessment Method: 60% project, 20% report, 20% presentation. 
Topics tackled: The study-unit aims to impart the following skills to the students: Technical 
skills: problem definition and formulation of specifications; analysis, design and 
development; implementation and deployment; testing and validation; Management and 
participation skills: project planning, time management, team work and participation; 
Presentation skills: report writing, answers to technical questions, oral presentation, project 
demonstration. 
Period delivered: Year 3. 
  
EPC4101 Title: Electrical Power 3. 
Teaching Method: Lectures, tutorials and practical laboratory work (total = 35 hrs). 
Assessment Method: 85% written examination, 15% practical. 
Topics tackled: To The aims of the study-unit are to present the electrical engineering 
student with knowledge in the areas of: Power Station Components, Generator Control, Load 
Flow. 
Period delivered: Year 4. 
EPC4102 Title: Electrical Building Technology. 
Teaching Method: Lectures, tutorials, practical laboratory work and project (total = 35 hrs). 
Assessment Method: 85% written examination, 15% practical. 
Topics tackled: This study-unit describes the technology that is fundamental to electrical 
building services: Electrical Illumination, Electrical Installations and Space Heating/Air 
Conditioning. 
Period delivered: Year 4. 
EPC4103 Title: Electrical Industrial Technology. 
Teaching Method: Lectures, tutorials, practical laboratory work and project (total = 35 hrs). 
Assessment Method: 85% written examination, 15% practical. 
Topics tackled: This study-unit describes aspects of electrical technology that are primarily 
related to industrial applications. 
Period delivered: Year 4. 
EPC4104 Title: Power Electronic Converters and Distributed Generation. 
Teaching Method: Lectures, tutorials, and project (total = 35 hrs). 
Assessment Method: 90% written examination, 10% assignment. 
Topics tackled: The aims of the study-unit are to present the electrical engineering student 
with knowledge in the areas of advanced power converter topologies used for energy 
conversion. Direct ac to ac conversion and dc to high voltage ac conversion will be covered 
in detail. Connection of renewable energy sources to the power transmission grid will be 
discussed with an international perspective. 
Period delivered: Year 4. 
EPC4201 Title: Electrical Power 4. 
Teaching Method: Lectures, tutorials, and practical laboratory work (total = 35 hrs). 
Assessment Method: 85% written examination, 15% assignment. 
Topics tackled: The aims of the study unit are to present the electrical engineering student 
with knowledge in the areas of: Unsymmetric Faults, System Stability, Network and 
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substation monitoring and control, Transformer protection, Generator protection, Regulatory 
aspects of electricity supply chain. 
Period delivered: Year 4. 
ENR4200 Title: Engineering Project. 
Teaching Method: Project (total = 140 hrs). 
Assessment Method: 75% project, 15% dissertation, 10% presentation. 
Topics tackled: The Engineering Project requires the student to methodically address an 
open-ended problem for which the aims and objectives are defined by the project supervisor 
prior to the commencement of the project and a programme of work is delineated and carried 
out in a structured way. Progress will be regularly monitored by the project supervisor. The 
type of work produced, design, experiments, simulation, analysis etc will depend on the 
project specification and constitutes a defined subset within the area of study currently under 
investigation. Towards the end of the academic year the student will deliver an oral 
presentation on the project and submit a dissertation. The aims of this study-unit are for the 
student to address a set task using methodologies from engineering. 
Period delivered: Year 4. 
 
Table 78: University of Malta B.Ed. Technical Design and Technology programme course descriptions. 
MST1206 Title: Foundation Electronics for Technology Education. 
Teaching Method: 14 hrs lecture, 14 hrs practical. 
Assessment Method: 60% written tasks, 40% project. 
Topics tackled: In the course of this unit students will be expected to reinforce their 
knowledge and understanding of the basic theories of electricity provided in the first 
semester. Knowledge and understanding will be increased through exploration of the 
characteristics of electronic components such as resistors, capacitors, diodes, transistors and 
the operational amplifier. Students will apply their knowledge through design and make 
situation. 
Period delivered: Year 1, Semester 2. 
  
MST2203 Title: Intermediate Electronics for Technology Education. 
Teaching Method: 14 hrs lecture, 14 hrs practical. 
Assessment Method: 60% written tasks, 40% project. 
Topics tackled: The study-unit aims at providing students with a solid background in digital 
logic. The content also constitutes an ideal launch pad for the eventual study of 
microcontrollers and interfacing with computers. The main fields covered are number 
systems, combinational logic and synchronous sequential logic. Students will apply their 
knowledge in a design and make situation. 
Period delivered: Year 2. 
MST2206 Title: Control. 
Teaching Method: 14 hrs lecture, 14 hrs practical. 
Assessment Method: 50% written tasks, 50% project. 
Topics tackled: The focus of this study-unit will be the development and control of systems 
where the processing is accomplished through the use of a computer and/or basic electronic 
components. 
Period delivered: Year 2. 
  
MST3234 Title: Programmable Systems. 
Teaching Method: 14 hrs lecture, 14 hrs practical. 
Assessment Method: 60% written tasks, 40% project. 
Topics tackled: The study-unit starts with an introduction to implementing hard-wired 
logical sequences by the use of relays only. It continues by presenting a brief overview of the 
use of ladder diagrams as a programming language for programmable logic controllers 
(PLCs) as used by industry and then progresses into the use of PIC as a versatile 
microcontroller for implementing software programmable sequences and producing an easy 
interface with hardware. 
Period delivered: Year 3. 
MST3239 Title: Design 4A. 
Teaching Method: 6 hrs lecture, 36 hrs practical. 
Assessment Method: 100% project. 
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Topics tackled: This study-unit continues building the experience of the student in the 
processes of identifying needs, wants and opportunities, communicating a range of possible 
solutions, determining what is feasible, making, testing and modifying the product or system. 
The theme of the design will vary, as will the materials and components necessary to realize 
the solution. Students will be expected to demonstrate an understanding of programmable 
systems through applying theories and principles to their work. 
Period delivered: Year 3. 
  
MST4267 Title: Electronics 3. 
Teaching Method: 14 hrs lecture, 14 hrs practical. 
Assessment Method: 60% examination, 40% project. 
Topics tackled: The study-unit introduces an awareness of the basics of ac theory. This is 
applied to filters and circuits that employ radio frequency. The main objective is to 
consolidate and enhance the knowledge acquired in both digital and analogue circuits 
through a careful selection of further topics which are covered on both the theoretical and 
practical levels. The aim is to ensure that the students become familiar with a wide range of 
electronic subsystems and systems which can be invaluable in circuit design-and-make 
situations in the classroom. 
Period delivered: Year 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
